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Abstract

Langmuir monolayers of diacetylene lipids with a cytosinyl head-group
(PDC), mixed with an alcohol derivative of the same lipid (PDOH), were
formed on water and on guanosine solution, and were UV polymerized

in situ. Brewster angle microscopy (BAM), atomic force microscopy (AFM)
and visible light absorption spectroscopy were performed on the
monolayers. It was found that the optimal ratio for the lipid mixtures is
approximately 2:1 PDC/PDOH. For lipid mixtures with different ratios, the
film decomposes into phases of the preferred composition and a second
phase enriched with the excess compound. The stable mixed phase exhibits
a distinct striated appearance along the polymer linear direction. Films
formed on guanosine-containing subphase have similar phases; however, the
stable striated phase appears more developed in the direction perpendicular
to the polymer chains. A specific base-pair formation at the air—solution
interface between the diacetylene monolayer and the free complementary

nucleoside in the solution is suggested.

1. Introduction

Molecular-level surface engineering of organic and polymeric
surfaces for specific interactions is crucial for tailor-
made molecular recognition reactions, signal transduction,
molecular electronics and possible related applications. It is
imperative that functional binding sites be densely organized
on the structured surface for the enhancement of the molecular
interactions, the binding capacity and the signal produced.
Formation of elaborate surface motifs and two-
dimensional arrays of hydrogen bonds is an attractive route for
the construction of supramolecular surface assemblies. This
approach was also used for the construction of complementary
nucleoside interactions in media where similar interactions
between monomers in aqueous media cannot take place due to
hydrogen bonding with water [1]. Specific hydrogen bondings
have been demonstrated for monolayers with predictable
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and cooperative properties of binding with complementary
molecules [2] and for such macromolecules or surfaces [3—
6]. Utilization of biological macromolecules or, alternatively,
biomimicking of the nucleic acid hydrogen bond motifs for
the construction of organized monolayers is of particular
interest due to the possibility of interfacing with biological
complementary macromolecules. This in turn will enable
the formation of novel hybrid materials that manifest
structural and stereochemical complementarities across
synthetic polymer/biomacromolecule interfaces. Studies with
this perspective are diverse (for overview see [7] and references
therein) and include work on the formation of molecular
constructs from DNA [8, 9], the formation of monolayers from
nucleotide derived lipids [10, 2, 11, 6] and the usage of DNA
fragments for nanostructuring of materials and prospective
bionanometric devices [12-14].

In this study Langmuir monolayers of polymerizable,
amphiphilic diacetylene cytosine derivatives are formed and
studied. The rationale for this choice stems from the structural
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features of the polydiacetylene polymer backbone structure.
It is a rigid, yne—ene polyconjugated, linear structure that
tends to organize in parallel and form large crystallites both
in three dimensions and on surfaces [15]. The repeating
periodicity along the polymer backbone is fixed at about
5.0 A, representing the covalent bonds that constitute the
rigid backbone [16-18]. The long range order and rigidity
of the polymer film provide a scaffold for the ordered
assembly. The polyconjugated backbones absorb light in the
visible range and provide the polydiacetylene (PDA) with
photoconduction properties [19]. Upon physical deformation
of the polymer backbone, absorption is blue-shifted and the
formerly bluish polymer appears reddish [20]. Colour change
in polydiacetylene films can be the outcome of increased
temperature [21], pH, charge [22], mechanical stress [23] or
specific binding that sterically strains the film [24, 25]. The
latter is the basis for several biosensory applications that are
based on membrane mimetic processes that take place at the
artificial membrane-like interface. Typically colour changes
in polydiacetylene films or vesicles are irreversible; however,
reversible colour change in vesicles of polymerized hydrazide
diacetylene derivatives was also observed [26].

In this paper we report a study of polymerized diacetylene
monolayers with cytosine (PDC) and alcohol (PDOH) moieties
as the hydrophilic head-groups. The purpose of the study is
to characterize and evaluate the mixed film properties and the
order that stems from the properties of the pure components and
their respective miscibilities. The pure components, having
identical diacetylene alkyl chains, differ in their head-groups.
The surface requirement of the PDC head-group is larger
than that of the diacetylenic alkyl chain, while the PDOH
head-group is smaller than the alkyl chain cross-section; thus
a mixture of the two compounds at a certain ratio would
allow the same overall surface requirement in the head-group
as in the alkyl chain region. This would prevent disorder
and lead to more stable mixed monolayers. The mixed
cytosine-hydroxyl polydiacetylene monolayers (PDC/PDOH)
are characterized by their interactions with complementary
guanosine monomer from solution. The characterization
was performed both at the air—solution interface and for
solid-supported films after horizontal transfer (the Langmuir—
Schaffer method). [In situ recording and analysis of the
compression (7—A) isotherms and the simultaneous recording
of the domain shape evolution upon compression with BAM
yielded valuable insights regarding the organization of the film.
Further analysis by scanning probe microscopy and visible
light absorption was performed on the solid-supported films.

Overall, we demonstrated the construction of an ordered
assembly of a mixed Langmuir monolayer with a near
stoichiometric ratio of 2:1 to 3:1 PDC/PDOH, which is capable
of specific base-pair formation. This monolayer assembly is
an attractive template for hybridization of nucleotide oligomers
and construction of synthetic polymer—nucleic acid structured
hybrid materials.

2. Materials and methods

10,12-pentacosadiynoic acid (PCDA), cytosine, cytidine (C),
adenosine (A), guanosine (G) and thymidine (T) were
purchased from Fluka. Octadecyltrichlorosilane (OTS) and
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Scheme 1. Synthesis pathways for PDOH (1) and PDC (2).

chloroform were purchased from Aldrich. Trizma base
(2-amino-2-hydroxymethyl-1,3-propanediol) was purchased
from Sigma (USA).

The water used in this study was purified with a Milli-Q
purification system and had a resistance of 18.2 m€ cm~'.

2.1. Synthesis

PCDA was used as the starting material for the synthesis
of the pentacosadiyne—cytosinyl derivative (PDC, 2). The
synthesis procedure was carried out in two steps. In the
first, PCDA carboxylic acid was reduced to the alcohol
derivative (PDOH, 1) by heating the PCDA diethyl-ether
solution with lithium aluminium hydride for 12 hin reflux [27].
The product was the starting material for the second step
but was also used as it is in diacetylene lipid mixtures.
Alkylation of cytosine was carried out according to a reported
procedure [28]. Briefly, PDOH was brominated by stirring
with CBry4 and a 1:1 stoichiometric ratio triphenylphosphine
in dichloromethane solution at room temperature until reaction
completion occurred (about 2 h). In the final alkylation
step, cytosine was reacted with the brominated diacetylene
lipid (PDBr). PDBr was added to a suspension of cytosine
and sodium hydride in dimethylformamide (DMF) at room
temperature and was stirred at RT for 24 h.

2.2. Preparation of the hydrophobized glass substrate

Microscope glass slides (0.15 mm thick) were cleaned in
‘Piranha’ solution (7:3 H,SO4/H,0;; caution: corrosive
solution) for 90 min at 70°C and were thoroughly rinsed
with distilled water and oven dried (70°C). The freshly
cleaned slides were immersed in dilute solution (3:1000) of
OTS in cyclohexane for 12 h. The slides were rinsed with
pure cyclohexane to remove unbound OTS and were stored in
cyclohexane until used.

2.3. Langmuir trough and film preparation

A Nima Langmuir film balance (50 x 7.5 cm?) with symmetric
compression was used. The trough was equipped with a
Wilhelmy pressure sensor; 1 cm wide filter paper was used
as a Wilhelmy plate.

A Brewster angle microscope, BAM2+ (NanoFilm
Technology, Gotingen, Germany) was operated during the
compression of the PDC/PDOH mixed monolayers. The
BAM and the Langmuir trough were vibration isolated with
a Halcyonics MOD-2 active antivibration system.

2 mM total lipid concentration solutions in chloroform
were used as spreading solutions. Pressure—area isotherms
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Scheme 2. Photocopolymerization of diacetylene monomers, with
cytosine and alcohol head-groups depicted (R; = undecyl moiety;
R, = cytosinyl or alcohol).

were produced on pure 0.05 M Trizma buffer (pH =
7.5, adjusted with HCI) or in the presence of 5 mM
guanosine in the subphase buffered solution, at 25°C. After
spreading, 15 min were allowed for solvent evaporation
before the compression commenced. The compression rate
was 1.5 A% molecule™' min~'. The films were compressed
until collapse for the recording of complete isotherms, or
until a uniform condensed monolayer was formed (at a
surface pressure of 25 mN m~! and as determined by BAM
observations) for further analysis on a solid support. The
compressed Langmuir films were polymerized at the air—
solution interface with a hand-held UV lamp (A = 254 nm)
for 30 s, until the film turned pink.

2.4. Visible light spectroscopy

Visible light absorption spectroscopy was performed on
a HP 8452A diode array UV-visible spectrophotometer.
Photopolymerized monolayer films, transferred onto OTS-
treated glass using a Langmuir—Schaffer horizontal transfer
technique, were analysed.

2.5. AFM

AFM analyses were performed using a Park CP research AFM.
The scanning modes were non-contact or with intermittent
contact (tapping) in air. SiN3 general purpose cantilevers
(Veeco) with a 0.03 Nm~! force constant were used for
scanning at 1-5 Hz rates, depending on the scan size.

3. Results and discussion
3.1. Pressure—area isotherms

A series of 11 PDC/PDOH spreading solutions were
tested. PDC molar fractions varied from 0 to 100%
with 10% increments (figure 1(a)). The corresponding
compressibilities for the 7—A isotherms were calculated as
C=—(/A)(0A/9m) (figure 1(b)). The limiting areas (Ar)
for the liquid condensed (LC) phase for each isotherm, as
well as other transitions that took place during compression,
were determined by calculation of the intercept of the tangent
at the point of minimum compressibility with the area axis
(figure 1(c)).

3.2. Discussion of isotherms and compressibility graphs

In the following sections several features of the mixed
PDC/PDOH Langmuir films are discussed. These are based
on the compression (r—A) isotherms and the corresponding
compressibilities.

The isotherm of pure PDOH serves as a reference for the
interpretation of the more complex isotherms of PDC/PDOH
mixtures. The PDOH isotherm shape is typical for amphiphilic
diacetylenic compounds. It shows a steep compression of
the monolayer with limiting area A ~ 30 A2, followed by
monolayer collapse, typically at 7 between 12 and 30 mN m™!
(depending on temperature and subphase composition) [16]. A
second compressed phase with Ay, that corresponds to a trilayer
structure is formed after the collapse [29]. The monolayer to
trilayer transformation takes place in the plateau region where
the two phases coexist.

Figures 1(a) and (b) show several features that help to
elucidate the properties of the mixed PDC/PDOH films. The
analysis and detailed interpretation of the m—A isotherms
(figure 1(a)) and compressibility data (figure 1(b)) is
corroborated by Brewster angle microscope images, as shown
in figures 1(c) and 4.

Compressibility graphs (figure 1(b)) reveal subtle features
of the compression isotherms that are not shown in the 7—A
isotherms. In the following sections several of these are
described and analysed.

3.3. Pressure offset

The pressure offset is the molecular area at which non-zero
surface pressure is first detected (figure 1(a), around line I).
The observed pressure-offset area increases monotonically
with the increase of the PDC molar fraction (figure 2).
Small negative deviations from the ideal mixing line are
observed for PDC mole fractions below 0.5. The presence
of guanosine in the subphase does not change these
values. In contrast, positive deviations appear at higher
PDC content. The maximum positive deviation is around
PDC/PDOH = 0.7 mole fraction both in the presence and the
absence of guanosine. The largest difference due to guanosine
is observed for PDC/PDOH = 0.9. This implies that base-pair
association may have taken place already at the uncompressed
(gas-like) stage of the monolayer.

3.4. PDOH collapse

The feature that represents the collapse of the pure PDOH
monolayer can be traced in compression isotherms with
increasing PDC molar fraction (figure 1(a), around line II).
As expected, the molecular area of the PDOH collapse feature
decreases with decreasing mole fraction of PDOH.

The ‘PDOH’ phase coexists with the ‘PDC-enriched’
phase (described below). It gradually disappears as the
‘PDC-enriched” phase becomes predominant at PDC mole
fractions above 40%. This result is in agreement with results
described below, from BAM and AFM images (figures 5 and 6,
respectively).

3.5. Limiting area

The limiting area for the LC phase was calculated as described
above and is presented graphically in figure 1(c) and plotted
against the PDC mole fraction in figure 3. It is found that
the LC phase limiting area for films at all mixing ratios
varies only slightly from 35 + 3 A2/molecule (figure 1(a),
around line III). The limiting area for the ‘pure’ PDOH
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Figure 1. (a) Compression isotherms of a series of PDC/PDOH mixtures. From bottom to top, pure PDOH to pure PDC in 10% increments
(a—k). Thin curve isotherms are for on 5 mM guanosine subphase, thick curves for on Trizma buffer subphase, pH = 7.5. Curves I, II, IIT
mark transitions in the compression isotherms; see the text for details. (b) Compressibilities corresponding to the isotherms in (a). Thin
lines: on 5 mM guanosine subphase; thick curves: on Trizma buffer subphase. Lines ‘1’ and ‘2’ mark the nucleation and collapse of the
organized liquid condensed 2:1 PDC/PDOH monolayer, respectively. (c) Top panel: the 7—A isotherm of 80% PDC on a Trizma base.
Bottom panel: the corresponding compressibility graph. The pressure offset (x), the onset of the liquid expanded (LE) to liquid condensed
(LC) transition (O), the point of minimum compressibility (#) and a graphical representation of the determination of the limiting area (Ar)
are shown; the additional vertical lines guide the eye to the main features. A—D correspond to BAM images in figure 4. (d) Compression
isotherms of selected compositions on a subphase containing 5 mM of a base non-complementary to PDC (adenosine). For clarity and
because of the insignificant differences between the traces, only isotherms for on adenosine and buffer are presented. Thick curve: buffer;
thin curve: adenosine. The PDC content in the film is: b'—10%; d'—30%; f'—50%, h'—70%; j’—90%.

and PDC can be evaluated independently from figure 1(a): area. The film composition for which the LC phase is the most
35 A2/PDOH molecule (trace a) and 60 A2/PDC molecule condensed is at 70% PDC, as is apparent from analysis of
(trace k). However, one needs to bear in mind that the hydroxyl  the limiting area, the compressibility and the maximum slope
head-group projection is smaller than that of the diacetylenic  (figures 3(a)—(c)). This situation holds for films formed on
alkyl chain and therefore has a negligible effect on the limiting  both water and guanosine solution. The films that are formed
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Figure 2. Pressure offset values for isotherms of mixed PDC/PDOH
monolayers. The straight line is interpolated between the pressure
offsets of the pure compounds. +: films on water subphase; <>: on
guanosine subphase.

on guanosine manifest better order, as judged from the smaller
limiting area, lower compressibility and steeper slope.

These measurements were taken in the isotherm regions
where the LC phase predominates, as is evident from the BAM
images (figures 5 and 6). The extent of these regions, from
nucleation to collapse, grows gradually from 40% PDC mole
fraction to a maximum at 70% PDC mole fraction. These
regions are indicated in figure 1(b) by the lines ‘1’ and 2’,
that connect the nucleation and collapse of the LC phase,
respectively.

In order to confirm that the specific interaction between
the cytosine moiety on the Langmuir film interface and
the guanosine in solution did indeed take place, films with
10, 30, 50, 70 and 90% PDC were compressed on 5 mM
adenosine, timidyne and cytidine Trizma buffered solutions.
Isotherms on non-complementary base solutions were found
to be nearly identical to the isotherms in the absence of the
base (figure 1(d)). Compression isotherms of films with higher
than 70% PDC content on guanosine solution exhibit larger
molecular area for the same surface pressure (figure 1(a)).

3.6. Brewster angle microscopy

BAM images provide structural insights into the compression
isotherm data. Processes that take place on the monolayer
during compression, such as domain nucleation and growth,
collision, integration and collapse, are visualized (figure 4)
and can be associated with their respective features on the
compression isotherms (figure 1(c)). Moreover, the domain
morphological features were found to distinctly differ among
the various film compositions. Figure 5 shows BAM images
of two series of films with incrementally lowered PDC content
that are formed on subphase in the absence or presence of
guanosine in the subphase.

3.7. BAM images of PDC/PDOH on buffer

Langmuir films of pure PDC and its mixtures with PDOH
were imaged with BAM at the air—solution interface during
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Figure 3. Dependences of the limiting area (a), maximum slope (b)
and minimum compressibility (c) values on the film composition
and on the presence of guanosine (open symbols) or its absence
(filled symbols) in the subphase. Films with 70% PDC exhibit
superior structural stability. Addition of guanosine in the subphase
causes some expansion that is manifested in a higher limiting area
and as a result a less steep slope and a higher compressibility. Yet, at
70% PDC the compressibility is similar to that for on pure water.

compression at 7 ~ 20 mN m~! (figures 5(a)—(e)). The
images depict the morphological evolution of the LC phase
domains, as an outcome of the gradual relief of the steric
disturbances in the planar packing arrangement. Figure 5(a)
depicts the morphology of pure PDC domains. The domains
appear spherulitic: a nucleation centre at their centre and an
outwards growth direction. Dilution of PDC to 90% with
PDOH (figure 5(b)) results in highly curved crescent-like
domains. Further dilution to 80% reveals branched domains
with two different features: primary shafts are linear, while
the secondary branches are curved and reminiscent of the
90% PDC curved morphology (figures 4 and 5(c)). This dual
morphology can be explained on the grounds of preferential
composition of the mixed domains. The primary shafts are the
first to nucleate (figure 4(a)) and as a result of its growth the
surface solution becomes depleted with respect to the PDOH.
Hence, further growth (secondary branches) takes place in a
PDC-enriched composition, as judged from its similarity in
morphology to that for 90% PDC. Atlower PDC content (70%,
60% and below; figures 5(d) and (e)) the domains appear
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Figure 4. BAM images of 80% PDC/PDOH spreading solution in the absence of guanosine. (a)—(d) correspond to the notation in

figure 1(c). Images were captured during the film’s compression. (a) The film immediately after the liquid expanded to liquid condensed
transition. The nascent LC domains exhibit predominantly straight morphology. (b) Further compression results in branching of the main
domains’ shafts. These however are curved, as opposed to the straight main branches, and reflect different PDC/PDOH ratios. (c) The
monolayer near the maximum density stage, at which the compressibility is at a minimum. (d) The monolayer at the collapse point. Brighter

areas indicate the formation of multilayers.

linear over hundreds of micrometres. This very long range
order without apparent perturbations indicates that the domain
organization is strain free. It follows that the steric disorder
that originates from the size mismatch of the cytosine-bearing
head-group and the DA-containing alkyl chain is completely
relieved at around 70% mole fraction of PDC (about 2:1 mole
ratio). The surface mixture of large cytosinyl head-groups with
the small alcohol head-groups results in average head-group
size that matches that of the diacetylenic alkyl chain.

3.8. BAM images of PDC/PDOH on guanosine solution

A similar series of BAM images taken during compression
on 5 mM guanosine solution in Trizma buffer provide
further information on the film organization and suggest that
complementary base-pair binding took place (figures 5(f)—
(G)). Figure 5(f) depicts the disordered spherulitic domains
of pure PDC, with morphology similar to that formed in the
absence of guanosine. Upon dilution to 90% with PDOH
(figure 5(g)), the domains are smaller, about 25 pm in
diameter, highly curved and made up of several branches
that emerge from the centre. The higher domain curvature
in the presence of guanosine indicates that the association
between the cytosine head-groups and the complementary
base formed an effective larger head-group. Figure 5(h)
corroborates this assertion in that the primary shafts, which
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without guanosine appear straight (figure 5(c)), are slightly
curved in the presence of guanosine. Further dilution to 70%
reveals a new feature of extensive lateral expansion of the
domains, which becomes equidimensional (figure 5(i)). This
observation adds to previous indications that at a molar ratio
of nearly 2:1 PDC:PDOH the film organization is optimal and
it is nearly strain free.

At lower molar ratios BAM images in the presence and
absence of guanosine become progressively more similar and
the domains are elongated, gradually turning into the flat and
featureless domains of pure PDOH.

3.9. Characterization of polymerized films transferred onto
solid supports

3.9.1. AFM study of mixed PDC/PDOH films formed on water
subphase. Langmuir films of PDC, PDOH and their mixtures
were compressed to a surface pressure of 25 mN m~!, UV
polymerized on the aqueous phase and horizontally transferred
to OTS-treated glass. The films were then investigated by
AFM in order to gain information on their structural features
at the submicrometre level (figures 6(a)—(h)). Pure PDC film
on buffer shows a nanometre size cluster appearance, in which
no linear motifs are observed. The nanosized domains are
clustered, but do not form coherent structure. On a micrometre
scale they form arc patterns (figure 6(a)).
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100%
PDC

90%

70%

Figure 5. BAM images of PDC/PDOH mixtures on pure buffer ((a)—(e)) and on 5 mM guanosine in Trizma buffer ((f)—(j)). Film
compositions: (a), (f) 100%:; (b), (g) 90%:; (c), (h) 80%; (d), (i) 70%; (e), (j) 60%. The scale is 450 wm on the long edge. Note the
disordered morphology in (a), (f), the curved morphology in (b) and the higher curvature in (g). In (c), note the dual morphology of the main
(straight) versus the curved secondary branches. In (d) note the long range of the undisturbed appearance. In (i), the domains exhibit planar
rather than linear appearance in the absence of guanosine (d), suggesting enhanced lateral interactions in the presence of guanosine. In (e)
and (j), the PDC content is below the optimal 2:1 ratio, the elongated morphology dominates and the effect of the guanosine is less
pronounced as the cytidyl moieties are more spaced.

At 90% PDC film content, the film appears as a extended domains, tens to hundreds of micrometres without
uniform but fragmented phase. The typical length between perturbations. Lower magnification AFM scans (figure 6(b),
fractures in the direction of the polymer backbone is inset) reveal curved fan shape domains, in agreement with the
0.2-0.5 um. For comparison, undisturbed monolayers feature =~ BAM observation (figure 5(b)).
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Figure 6. AFM images of the PDC/PDOH mixed film at different compositions on Trizma buffer (left, (a)—(h)) and on 5 mM guanosine
buffered solution (right, (i)—(p)). The film compositions are: (a), (i) 100% PDC; (b), (j) 90%:; (c), (k) 80%; (d), (1) 70%; (e), (m) 60%:;

(), (n) 50% PDC; (g), (0) 20% PDC; (h), (p) pure PDOH. Note the disordered nanosized domains in (a) and (f). (b) and (g) exhibit uniform
curved morphology; in (b) the film is more fractured compared with (g). Inset: a larger area view of the surface: long range curvature. (c)
Extended ordered domains coexisting with limited areas of disordered material, reminiscent of (a). The film in (h) appears similar to that in
(c). (d) and (j) show a uniform appearance of the extended linear domain, with near full coverage of the surface. In (j) the linearity is less
apparent because of the better lateral interaction between threads. (e), (k), (f) and (1) show mixed films with the coexistence of two distinct
phases. In (e), (f) the smooth domains represent PDOH-enriched phase and the striated or patchy domains the PDC/PDOH phase. In (k), (1)
the PDC/PDOH phase appears similar to that in (j).

(This figure is in colour only in the electronic version)
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Figure 6. (Continued.)

Around 80% PDC content, the film is phase separated The imaged monolayer phases corroborate our earlier
into a well ordered linear, striated phase with occasional assertion that the PDC and PDOH lipids are miscible only
disordered ‘patches’ roughly 50-150 nm across (figure 6(c)). within a narrow range of molecular ratio, namely, around
The disordered phase (figure 6(c), arrows) resembles the pure  2:1 to 3:1 (67%—75%). Monolayers with this approximate
PDC phase (figure 6(a)). composition have a distinct, long range, parallel organization
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that is typical of organized thin films of polydiacetylene. At
70% PDC, the linear phase is at its maximum, totally covering
the surface (figure 6(d)). Below the limits of this mixing ratio,
coexistence of phases is observed: morphological features
that resemble those of pure PDOH are observed alongside
the ordered stripes of the mixed polymerized monolayer
(figures 6(e)—(g)). AtPDC content of around 50%, coexistence
of PDOH-like domains and PDC-enriched domains is observed
(figure 6(f)). The linear ‘PDC-enriched’ phase is clearly
separated from the PDOH domains. In films with 20% PDC
content, the typical smooth PDOH domains develop more
elongated features (figure 6(g)), specific to polydiacetylene
films [29], yet the majority of the surface is covered with
smooth PDOH domains.

Pure PDOH domains are flat and featureless (figures 6(h),
(p)). typically 1-3 pum across and vary in thickness from one to
several layers. The lack of structural features within the PDOH
domains supports the observation that compressed PDOH
monolayers do not undergo UV photopolymerization [27]. Itis
likely that PDOH domains are organized in a manner that does
not permit the formation of the linear yne—ene motif through
topotactic polymerization. Images of pure PDOH films in the
presence (figure 5(p)) and absence (figure 5(h)) of guanosine
in the subphase are almost indistinguishable.

The AFM images (figures 6(a)—(h)) depict gradual
development and reduction of the ordered mixed phase as the
overall film composition changes. Occurrence of the PDC-
enriched domains is becoming increasingly abundant as the
molecular ratio approaches the 2:1 ratio.

3.9.2. AFM images of mixed PDC/PDOH films on guanosine
subphase.  Pure PDC films formed on guanosine solution
show no long range order and are disorganized on a scale
larger than a few tens of nanometres. PDC films appear more
filamentary on guanosine subphase (figure 6(i)) compared to
films formed on water (figure 6(a)).

At 90% PDC content the film appearance is uniform, with
only one type of domain, as is the case for these films in
the absence of guanosine. The overall domain shape is also
curved and fan-like (figure 6(j)). The striations are wider and
significantly less fractured in the polymer direction.

Films with 80% PDC content exhibit nearly uniform
surface coverage. Occasionally, disordered threads emerging
from the surface are observed. The thread length is several
hundreds of nanometres and their diameter is around 3 nm.
(Assuming a circular cross-section, the thread diameter is
estimated from the AFM height profile, in order to account
for tip broadening.) These threads are probably extruded
from the planer film due to the association of guanosine with
polymerized PDC/PDOH strands.

Films made with 70% PDC are uniform, as is the case for
the same film composition in the absence of guanosine. Yet,
in the presence of guanosine, the films appear less perturbed in
the direction orthogonal to the polymer backbone. That is to
say, lateral interactions between adjacent strands are stronger
in the presence of guanosine in the subphase.

Films with less than 60% PDC that are formed on
guanosine subphase do not differ significantly from those
formed in its absence. In both cases the coexisting phases,
mixed 2:1 PDC/PDOH and pure PDOH, are observed.
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The mixed phase, though, appears smooth and laterally
interconnected, thus forming a flat and nearly featureless
surface, as is the case for the 70% PDC films for which a
uniform phase is formed. In many cases a ‘woven’ fabric-
like pattern is observed in the 2:1 PDC:PDOH domains.
This observation further indicates the formation of lateral
interactions in the presence of guanosine. On the other hand,
the PDOH phase is indistinguishable from the same phase
formed in the absence of guanosine.

3.9.3. Visible light spectroscopy. Absorption spectra of the
polymerized PDC/PDOH films in the visible range corroborate
the observation obtained directly from the compression
isotherms and BAM and AFM images. Two prominent
absorption peaks at 490 and 540 nm correspond to the
vibronic and electronic absorption bands (figure 7). The
film appearance is pink to reddish. The absorption peak
intensities at 530 nm and at 490 nm and the absorption peak
widths at half-maximum (HWHMs30) for the different film
compositions were derived from the spectra in figures 7(a)
and (b) and are presented in table 1. The spectral evidence
indicates that at approximately 2:1 PDC/PDOH ratio, both
the absorption band (Asg) intensity and its width are at their
respective maximum and minimum, which indicates higher
film uniformity. Pure PDC films (figure 7(c)) exhibit broad
absorption bands that indicate film irregularity, in agreement
with the BAM (figures 5(a), (f)) and AFM (figures 6(a),
(1)) observations of the disordered spherulitic growth pattern.
Films that were produced in the presence of guanosine in the
subphase absorb light at 4 nm longer wavelength (figures 7(c),
(d)). This small, yet consistent spectral red-shift indicates
that longer unperturbed conjugated segments are formed in
the presence of guanosine.

4. Discussion

The results reported here indicate that mixtures of diacetylene
lipids with cytosinyl and alcohol hydrophilic head-groups
form a stable phase with a preferred molecular ratio of
approximately 2-3 PDC molecules per PDOH molecule.
This phase shows a characteristic striated appearance and
differs significantly in morphological appearance from its pure
components. The excess material, be it PDOH or PDC, is phase
separated from the stable 2:1 phase. The spectral evidence, the
compression isotherms and the evidence derived from them,
the domain shape and the film surface texture, all point to the
newly formed mixed film phase, with the approximately 2:1
composition, being better organized and hence more stable.
The periodicity of the polydiacetylene rigid backbone
is fixed at approximately 5 A [30-32]. The packing
of neighbouring parallel polydiacetylene molecules is less
stringently limited and varies between 5 and 6 A. The
nearly ideal packing of acidic polydiacetylene thin layers
(10,12 pentacosadiynoic acid, for example) stems from the
comparable cross-sections of the monomer heads and tails that
give the molecule an overall cylindrical shape and therefore
favour the formation of ordered monolayers. In PDC the cross-
section of the cytosinyl head-group is larger than that of the
aliphatic diacetylenic tail. Therefore, in the pure PDC film,
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Figure 7. Visible spectra of mixed monolayer films. Films were formed on Trizma buffer (a) and on guanosine solution (b). Film
compositions in (a), (b): 50% PDC (dotted curve), 70% PDC (solid curve), 80% PDC (short dashed curve) and 90% PDC (long dashed
curve). Both (a) and (b) show sharper peaks and higher A (540)/A(490) ratios for PDC = 70%, indicating a higher degree of organization.
The spectra are for 70% PDC (c) and 100% PDC (d) on water (thin curve) and on guanosine solution (thick curve). In (d), absorptions are
broad and centred near A = 540 nm. For all film compositions a small red-shift of ~4 nm is observed when guanosine is present in the
subphase ((c), (d)). The schematic illustration shows the film phase dependence on the PDC content in the spreading solution.

Table 1. Absorption spectra quantitative figures for PDC/PDOH films on water or guanosine solution. Absorptions at 490 and 540 nm
were measured after background subtraction and expressed in mAU. Peak width was measured at half the peak height, in the high
wavelength part of the absorption peak. Bold type: analysis of the 70% PDC spectra that indicate enhanced structural organization.

Films on water subphase

Films on guanosine subphase

HWHM HWHM
%PDC  A(490) A(540) (540) A490)  A(540)  (540)
90 7.6 13 24 7 12.7 14

80 8.3 11 15 75 12 14

70 9 145 13 8 15 14

50 8.5 115 25 10 11 16

the monolayer packing is severely hindered, as is evident in
the BAM and AFM images.

The formation of mixed PDC/PDOH monolayers with
different molecular ratios relieves the packing strain in the
monolayer. PDOH, a compound with the same aliphatic tail
and a smaller head-group, is incorporated preferentially at a
particular (2:1) ratio and copolymerizes with the PDC. It is
not known at this stage whether the PDOH occupies a specific
crystalline lattice position, or alternatively forms a random 2D
solid solution. The excess PDOH at low PDC/PDOH ratios
forms separate domains with the morphological character of
pure PDOH. This observation indicates poor miscibility of
these compounds at molecular ratios that depart from the
optimal 2:1 PDC:PDOH.

At PDC content higher than the optimal ratio value,
around 90% PDC, a second uniform phase with no evidence
of phase separation is formed. It is distinguished from the

ideal 2:1 phase in its curved ‘fan’-like domains (figure 6(b),
inset). The existence of this phase can also be explained
by the partial miscibility of the compound used. At the
9:1 ratio the free energy of formation of the organized 2:1
phase is not achieved and 10% PDOH can be accommodated
without phase separation. The outcome is the formation of
an unfavourable, highly fragmented strained phase of bent
diacetylene backbones (figures 6(b), (h)). The disturbed state
of the film is also manifested in its broader visible absorbance
spectrum. Yet this phase is better ordered than the pure PDC
film, according to the visible absorbance spectrum and the
other characterization methods that were applied.

On the basis of the AFM images of the series of
PDC/PDOH films on water and on guanosine solution and
supported by the BAM images, we constructed a phase diagram
showing the surface phase dependence on the spreading
solution composition (figure 8). The central part corresponds
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Figure 8. A reconstructed diagram of the surface phases of
PDC/PDOH. The vertical direction is the approximate abundance of
the different coexisting phases, according to their estimated relative
areas. The boundaries between phases are drawn according to the
2:1 PDC/PDOH composition model. The diagonal dotted line is the
expected composition of the film for ideally miscible components.
The scheme shows the principal 2:1 PDC/PDOH phase increase in
abundance until a maximum of around 70% PDC is reached. This
phase coexists with the PDOH-enriched phase at lower PDC content
and excess PDC at around 80% PDC. At 90% a uniform phase is
formed which gradually transforms to 100% PDC.

to the mixed PDC/PDOH phase with ratio of 2 PDC per PDOH.
At PDC content below 40%, the surface is dominated by the
PDOH-enriched phase. When the PDC content exceeds 75%,
the mixed phase coexists with the PDC-enriched phase. At
90% PDC a distorted yet uniform phase is prevalent.

Assessment of the overall effect of guanosine, present in
the subphase during film preparation, can be readily carried
out by examination of the AFM images. A marked difference
between the appearances of films in the presence and absence
of guanosine is evident. It appears that within the stable
2:1 phase, the effect of guanosine is to enhance the coherent
structure of the film in the direction orthogonal to the polymer
conjugated backbone. In contrast to the fibrillar appearance of
the films in the absence of guanosine, in its presence long range
continuity both along and across the polyconjugated direction
is observed. While the large coherence length along the
polymer direction is obvious, the continuity between adjacent
parallel polymer molecules originates from the ordered two-
dimensional organization, as discussed in the next section.

At 80% PDC content, the molecular ratio is above the
optimal 2:1. AFM images of films that are formed in the
presence of guanosine in solution indicate a phenomenon
only observed at this composition (figure 6(i), inset). It is
noteworthy that ‘threads’ are formed only in the presence of
guanosine. This suggests that excess PDC is extracted from
the film and associated with its complementary base to form
rigid structures. This assumption conforms with the large
persistence length of native dsDNA, where base-pair stacking
is responsible for the DNA structural rigidity [33]. AFM
trace analyses of these structures indicate that their height is
about 3 nm. It is plausible that these assemblies are elongated
micelles with one or more conjugated polymer molecules as
the central backbone and stacked bases at the periphery.
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4.1. Structural considerations

The limiting area for the compressed phase of 2:1 PDC/PDOH
is 35 A% /molecule. Taking into account the yne—ene covalent
bond length of 5 A, the average distance between neighbouring
polymer molecules is 7 A (assuming a rectangular unit
cell). This implies that within the 2:1 PDC/PDOH phase
the area occupied by a single cytosinyl moiety is 35/0.67 =
52 AQ/PDC. Within this area, approximately 50 A2 a single
base-pair is formed. The stacking periodicity of nucleotide
base-pairs is 3.5 A which corresponds to the van der Waals
distance between aromatic compounds. The combined length
of a nucleotide base-pair is approximately 11 A, without
the nucleoside sugar moieties [34]. This distance is greater
than the spacing available between the neighbouring polymer
chains. Accordingly, the projected area of a base-pair is
nearly 3.5 x 11 ~ 40 A2, The long dimension of the base-
pair is longer than the distance between the backbones and
the stacking distance is shorter than the periodicity along it.
Hence, a plausible organization is such that base-pairs are
aligned diagonally with respect to the backbone direction. In
this manner, base-pairs tethered on different backbones may
be partially overlapping, thus enhancing the lateral interaction
in the film. Alternatively, base-pairs can be inclined in
the solution direction, thus projecting smaller areas onto the
interface.

This analysis is based on the premises that Watson—
Crick or another less common base-pairing type is indeed
formed. The ability of forming biomimetic base-pairing
via organized arrays of hydrogen bonds on surfaces
is instrumental to the formation of hybrid surfaces of
a new type and ‘smart’, responsive materials. The
combination of natural oligonucleotide segments, that undergo
interactions with surfaces that bear complementary moieties
at approximately the native periodicity, may give rise to
significant conformational shifts, which in turn will apply
a moderate molecular-level twist on the polymer backbone.
In the case of polydiacetylene backbone, such a twist is
anticipated to result in electronic restructuring that can be
revealed spectrally or by a direct electronic response.

It is assumed that the observed modest spectral shift as a
result of the film’s interaction with the complementary base is
due to only monomers being used. Had short oligomers been
used, the spectral response might be expected to be clearer due
to cumulative synergy between neighbouring binding events,
which are predicted to add and contribute to the film response.
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ABSTRACT: Silver sulfide (Ag»S) nanocrystals were prepared in ambient conditions by exposing crystalline
polydiacetylene (PDA) Langmuir films at the air—AgNOs solution interface to H,S gas. The deposited nanocrystals
were studied by atomic force microscopy (AFM), transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), fast Fourier transform (FFT) analysis of HRTEM images, ultrahigh-resolution scanning electron
microscopy (UHR-SEM), and X-ray powder diffraction (XRD). PDA Langmuir films played a dominant role in
controlling the size and lateral arrangement of the chemically deposited Ag,S nanocrystals. Two distinct nanocrystal
populations were obtained: small nanocrystals of ca. 8 nm in diameter arranged along the strands on the PDA film,
and larger Ag,S nanocrystals of ca. 50 nm were formed in the voids between the PDA domains. The concentration
of the Ag* ions in the subphase controlled the nanocrystal film morphology and surface coverage. The linearly
arranged nanocrystals were not crystallographically oriented with respect to the PDA film template, as opposed to
PbS and CdS (divalent metal ion sulfides) that were previously shown to be oriented along the conjugated direction

of the PDA film.

Introduction

Polydiacetylene (PDA) is an anisotropic, robust con-
jugated polymer that changes its color from blue to red
upon thermal, mechanical, or chemical stimulation.!™
PDA is an intrinsically semiconducting conjugated
material. Its conductivity increases when excess elec-
trons or holes are supplied to the sw-electron backbone
system.13

The 2D crystal structure of PDA Langmuir films was
determined using electron diffraction (ED) in the trans-
mission electron microscope (TEM),*® atomic force
microscopy (AFM), Fourier transform infrared spectros-
copy (FTIR),6 and grazing incidence X-ray diffraction
(GIXD).” PDA Langmuir film is formed by compression
of the amphiphilic long-chain diacetylene monomers,
10,12-pentacosadiynoic acid (PCDA) CH3(CH5);;C=C—
C=C(CH3)sCOOH, in the Langmuir trough on water
subphase. During compression, the film undergoes a
monolayer-to-trilayer transition, which can be followed
in the resulting pressure—area per molecule (7—A)
isotherm.8~11 Notably, the PCDA monolayer on pure
water is unstable and cannot be easily polymerized.1!
UV irradiation of the compressed trilayer results in a
polymerized PDA layer.1%1! Each 20—40 linear polymer
chains are organized in parallel strands 10—30 nm wide.
These strands, in turn, are organized in parallel and
form 2D crystalline domains that are randomly oriented
in-plane.1>12 The length of the strands can reach several
micrometers and span the entire size of a crystalline
domain.

Silver sulfide (Ag»S) is a good prospective photoelec-
tric and thermoelectric material. Ag,S has three com-
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mon forms. a-Ag.S is the ambient-temperature mono-
clinic phase (Car° (P21/n)). At 177 °C, a-Ag,S transforms
to a 8-AgzS body-centered cubic (BCC) structure and at
592 °C the BCC phase transforms to a face-centered
cubic (FCC) y-Ag,S phase.’®716 Monoclinic a-Ag,S is a
semiconductor with a direct band gap of Eg ~ 1 eV at
room temperature!®>=18 and relatively high absorption
coefficient (about 10 cm™1). It has a wide variety of
potential applications, such as infrared detectors and
photosensitive films in optoelectronic devices, ther-
mopower cells, and solar-selective coatings.!” Nanoc-
rystalline Ag,S thin films are of special importance to
solar, photographic, and near-IR photon-detection de-
vices.t®

Various methods for the deposition of nanocrystalline
o-Ag,S were applied.15-26 Hydrothermal and solvother-
mal methods were demonstrated for the synthesis and
assembly of a-Ag,S nanorod and nanoparticle arrays.
Alkanethiol was used as a template by reacting silver
thiolate micellar solution with Na,S.'® a-Ag,S nanoc-
rystals were formed by the conversion of silver thiolate
polymers using sodium sulfide.’®> a-Ag,S nanoparticles
were prepared in Nylon 11 films by exposing an evapo-
rated film of Ag on Nylon 11 to a mixture of H,S/O;
mixed gases.?* Nanospherical a-Ag,S/poly(vinyl alcohol)
(PVA) composites were prepared by sonochemical ir-
radiation of an ethylenediamine-water solution of el-
emental sulfur and silver nitrate acetate in the presence
of PVA.25 Poly(vinylpyrrolidone) (PVP)-Ag,S nanocom-
posites were prepared through in-situ reaction of PVP/
AgNO; with CS; as the sulfur source in ethanol at room
temperature.26

PDA has been previously used as a substrate for
crystal growth at the air—solution interface. Oriented
growth of calcite, nano-CdsS, and nano-PbS on PDA have
been previously reported. Calcite crystals that were
formed on the PDA film were uniform in orientation.1027
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Figure 1. BF TEM image of Ag.S crystals generated at the
air—water interface by exposing 1 mM AgNOs; solution (in the
absence of PDA) to H,S.

TEM observation showed that CdS nanocrystals pre-
cipitated along the PDA linear strands, producing
unidirectional assemblies of semiconducting material.
The corresponding ED spot pattern showed four zone
axes of coexisting orientations, which sowed a common
220 diffraction pair that was aligned in the direction of
the PDA linear backbone.1%28 AFM and TEM studies
on the chemical deposition of PbS nanocrystals on PDA
Langmuir films showed that the PbCI, subphase con-
centration controlled the surface coverage of the nano-
crystal films. TEM and ED indicated that the nanoc-
rystals were aligned with the linear PDA film (as
observed for CdS on PDA), with a uniaxial orientation
relationship in which the (11005 direction was parallel
to the linear direction of the polymer substrate. Three
distinct, coexisting orientations were observed with
typical nanocrystal morphologies corresponding to each
orientation.122°

While all previous studies of nanocrystal deposition
on PDA employed divalent metal ions (Cd?*, Pb2+, Ca?")
in the subphase, in the present work we have used for
the first time monovalent Ag™ ions as the metal ion
source. Conventional TEM imaging, high-resolution
TEM (HRTEM), fast Fourier transform (FFT) analysis
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of HRTEM images, ultrahigh-resolution scanning elec-
tron microscopy (UHR-SEM), AFM and X-ray diffraction
(XRD) analyses were carried out to investigate the
morphology of the Ag,S nanocrystals and their relation-
ship with the PDA substrate.

Experimental Procedures

Materials. 10,12 Pentacosadiynoic acid (CH3(CH,)1,C=C—
C=C(CH,)sCOOH; PCDA) =97% HPLC (Fluka), chloroform
stabilized with Amylene (HPLC, Bio Lab Ltd. Israel), AQNO3
99.998% (Aldrich), octadecyltrichlorosilane (OTS) 90+% (Al-
drich), cyclohexane 99.5% (Aldrich), and 0.5% H,S in N;
(Maxima, Israel) were used without further purification.
Distilled water (18.2 MQ c¢cm) was obtained using a Millipore
filter system.

Langmuir Film Preparation. A Nima (Coventry, UK)
Langmuir trough (model 611) was filled with distilled water.
2 mM PCDA in chloroform was carefully spread onto the water
surface and held for 15 min at zero pressure prior to compres-
sion to allow for solvent evaporation. Compression was done
at a rate of 10 cm?min until a surface pressure of 25 mN/m
was reached. During compression, the film undergoes an
ordered monolayer-to-trilayer transition. Finally, UV irradia-
tion of the films was performed with a hand-held UV lamp (4
= 254 nm at a distance of 15 cm), resulting in a polymerized
“blue phase” PDA layer.1%1!

Ag.S Deposition. After PDA deposition and polymeriza-
tion, the water subphase was replaced with ca. three trough
volumes (3 x 170 mL) of the AgNO; aqueous solution using a
two-channel peristaltic pump, keeping a constant water level.
Injection of H,S gas into the airtight enclosure over the PDA
film lead to the deposition of nanocrystalline Ag.S at the air—
solution interface.

Sample Characterization. For TEM and UHR—-SEM
characterization, the PDA/Ag.S and Ag.S nanocrystals that
were grown in the absence of PDA were transferred onto a
holey carbon-coated, 300 mesh copper grid (SPI supplies
#3630C, West Chester, PA) by simply lowering the grids under
the air—solution interface and lifting them together with the
film of interest using sharp tweezers. The samples were then
blotted with filter paper and dried at 40 °C.

TEM analysis was carried out using a JEOL 2010 Fas-TEM
or Philips Tecnai G2 microscopes operating at 200 and 120 keV,
respectively.

UHR-SEM was used to study the morphology of films.
Samples were examined uncoated in a JEOL JSM 7400F UHR-
SEM.

For AFM characterization the PDA/AQ,S film was trans-
ferred onto a glass slides using the Langmuir-Schéaffer method.
Prior to transfer, the glass slides were hydrophobized by self-
assembly of an OTS monolayer. This was carried out by
immersing the slides in a solution of 300 L of OTS in 100
mL of cyclohexane for 8 h. AFM measurements were performed
at ambient conditions using a Digital Instruments Dimension
3100 mounted on an active antivibration table. The 512 x 512

Figure 2. (a) SE UHR-SEM image of Ag,S nanocrystals on PDA. (b) BF TEM image of Ag,S nanocrystals on PDA. The PDA
backbone direction is shown by arrows. The Ag,S nanocrystals were deposited in the presence of PDA Langmuir film from an

aqueous subphase of 1 mM AgNOs.
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Figure 3. AFM images of Ag.S nanocrystals on PDA. The
Ag.S nanocrystals were deposited in the presence of PDA
Langmuir film from an aqueous subphase of (a) 0.03 mM, (b)
0.3 mM AgNO:s.

pixel images were taken in tapping mode with a scan size of
2 um using a 100 um scanner at a scan rate of 1 Hz.

X-ray powder data were collected in transmission geometry
with a Huber G670 Image Foil Guinier Camera using CuKa;
radiation (wavelength of 1.54056 A) emitted by a rotating
anode source operating at 40 kV and 100 mA.

Results

In a control experiment, Ag,S was deposited at the
air—water interface in the absence of PDA by directly
exposing an aqueous solution of 1 mM AgNOs3; to H,S
gas. As shown in the bright field (BF) TEM image in
Figure 1, the nanocrystals are randomly distributed on
the surface, forming a partial film of interconnected
particles that are about 20—100 nm in size. The corre-
sponding ED pattern (not shown) verified, as expected,
that the crystals were randomly oriented on the solution
subphase and matched the monoclinic a-Ag,S structure
(JCPDS powder diffraction file #14—0072). This prepa-
ration was used as a reference sample for similarly
deposited Ag.S in the presence of PDA.

Ag,S deposited in the presence of a PDA Langmuir
film resulted in the formation of discrete crystalline
nanocrystals. A secondary electron (SE) UHR-SEM
image of Ag,S nanocrystals (prepared from a subphase
concentration of 1 mM AgNOg3) on PDA is shown on
Figure 2a. The striped dark areas are the PDA domains
with nanosized Ag,S material, while the bright areas
are Ag,S crystals deposited in voids between PDA
domains or in defects within the domains. It can be seen
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that the nanocrystal film morphology follows the linear
morphology of the polymer. A BF TEM image of the
same Ag,S particulate film is shown in Figure 2b. It
demonstrates that the PDA is covered with small Ag,S
nanocrystals that are arranged along the PDA backbone
direction with sizes ranging 4—12 nm. Larger Ag:S
nanocrystals appeared in the voids of the PDA domains
forming elongated, needle-shaped deposits that are
aligned with the linear PDA backbone direction (arrows
in Figure 2a,b). The width of the deposits was in the
range 15—60 nm.

AFM images of Ag,S particulate films generated by
the exposure of a PDA Langmuir film to H,S gas on
aqueous solutions of 0.03 and 0.3 mM AgNOj; are shown
in Figure 3, panels a and b, respectively. At low solution
concentrations only a few nanocrystals that were ran-
domly arranged along the PDA strands were observed.
Higher nanocrystal coverage in the PDA voids compared
to the coverage on the surface of the PDA domains is
evident. In the higher solution concentration the PDA
domains were covered with linearly arranged nanoc-
rystals, following the PDA linear pattern. In the PDA
voids and defects regions, larger Ag,S crystals were
observed, as was also demonstrated by UHR-SEM and
TEM. The AFM-measured height of the nanocrystals
arranged on PDA film template was 5—10 nm and 40—
110 nm for the larger nanocrystals in the PDA voids.

Linearly arranged Ag,S nanocrystals (Figure 4a) that
were deposited on PDA from a 0.3 mM AgNOs solution
were analyzed using HRTEM. To determine the nanoc-
rystals orientation with respect to the PDA, FFT
analyses of a large number of individual particles
HRTEM images were performed. Figure 4b depicts one
such image and FFT (insets). The insets show FFT
analysis from different areas of the crystal (black
frames) that indicate the crystal orientation. It can be
clearly seen that the nanocrystal consists of several
crystalline grains and is not a single crystal. Each FFT
pattern is different, indicating that each nanocrystal is
differently oriented. A HRTEM image of Ag,S nano-
crystal deposited on PDA from a 0.03 mM AgNO;
solution is shown on Figure 4c. A typical nanocrystal
consists of a number of small grains with dimensions
of 3—4 nm. Notably, there is no orientation relationship
between these grains.

The crystalline phase was unequivocally identified by

Figure 4. (a) BF TEM image showing Ag.S nanocrystals linearly arranged on PDA. (b) HRTEM image of one polycrystalline
nanoparticle. The insets show FFT analyses obtained from corresponding areas in the crystal (outlined). Images (a) and (b) show
Ag.S nanocrystals that were deposited on PDA from a 0.3 mM AgNO; solution. () HRTEM image of Ag.S polycrystalline

nanoparticle deposited on PDA from a 0.03 mM AgNOs solution.
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Figure 5. X-ray diffraction spectrum of Ag,S nanocrystals
on PDA. The Ag.S nanocrystals were deposited from a sub-
phase concentration of 1 mM AgNOj solution.

XRD as monoclinic a-Ag,S. An XRD spectrum of Ag,S
nanocrystals on PDA is shown in Figure 5. The Ag,S
nanocrystals were deposited from a subphase concen-
tration of 1 mM AgNO; solution. Two nanocrystal
populations can be identified from profile analysis of the
strong (112) peak shape, as well as from other lower
intensity peaks. The tall narrow peaks correspond to
the population of large crystals and the broader peaks
from the population of the smaller crystals (in agree-
ment with Figures 2 and 3). The crystal coherence
length p of the small crystals was estimated from the
width of the (112) and of the large crystals was averaged
from (111), (120), (103), and (031) diffraction peaks using
the Schérrer formula:

K _h
P~ ®wWA26 cos 6

where 1o is the wavelength (1.540560 A), 6 is the
position of the (hkl) diffraction peak, and A26 is the full
width at half-maximum (fwhm) of the same diffraction
peak in radians. Ky, = 0.9 is the shape factor used for
roughly spherical crystal geometries.3° For the diffrac-
tion spectrum shown in Figure 5, the results of the
Schérrer analysis yielded coherence lengths of p = 20—
40 nm and 4—5 nm for big and small crystals, respec-
tively, which is in good agreement with the values we
observed by TEM.

Discussion

The Ag,S nanocrystals grown under PDA Langmuir
film templates are significantly different from Ag,S
crystals formed at the air—solution interface in the
absence of PDA. In the presence of PDA, two crystal
populations were obtained: small, ca. 8 nm nanocrystals
arranged along the PDA strands and larger Ag,S
crystals of ca. 50 nm in the voids of the PDA. In the
absence of PDA, the deposited Ag,S crystals are roughly
50 nm, as is the case for the deposited material in the
PDA voids. The morphology and size of the deposited
crystals in the absence of PDA is reminiscent of very
recently reported chemically deposited Ag,Se nanocrys-
tals.3! The presence of a PDA Langmuir film at the air—
solution interface has been shown to play an imperative
role in ordering Ag,S nanocrystals into linear arrays
along the polymer strands. The effect of subphase
concentration on the nanocrystals surface coverage and
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Figure 6. TEM BF images of (a) CdS and (b) PbS nanocrys-
tals on PDA (reprinted with permission from ref 29. Copyright
2003 American Chemical Society).

film morphology was studied by AFM investigation. In
low AgNO3 concentrations, low surface coverage and
irregular arrangement of the nanocrystals on PDA was
obtained (Figure 3a). In the PDA voids, the deposited
material is of similar size distribution as that in absence
of the PDA substrate. At higher AgNO3 concentrations
(0.3 and 1.0 mM), higher coverage of the surface was
obtained, with the nanoparticles organized in linear
rows that follow the linear direction of the polymer (see
Figure 3b). In the PDA voids, the deposited nanocrystals
are of the same size and morphology as of those obtained
in the absence of PDA (Figure 1).

The nanocrystal orientation on the PDA could not be
determined directly using ED in the TEM due to the
weak diffraction signal. FFT analysis of the HRTEM
images (Figure 5) showed that the linearly arranged
nanocrystals did not have a specific orientation with
respect to the PDA film template. This observation is
very different from that obtained from divalent metal
sulfides on PDA (CdS, PbS) that showed a well-defined
uniaxial alignment along the linear direction of the
polymer.10.12.28,29

In our previous studies, CdS1928 and PbS!22° nanoc-
rystals were prepared by exposing PDA Langmuir films
to H,S gas at the air—solution interface (CdCl, and
PbCI; agueous solutions). The CdS (Figure 6a) and PbS
(Figure 6b) nanocrystals were arranged in linear rows
along the PDA strands, and did not tend to grow in the
PDA voids. On the other hand, in the case of AgNO3
aqueous solutions only a few Ag,S nanocrystals were
arranged along the PDA strands with most of the
material appears in the PDA domains voids (Figures 2
and 3).

The lower solubility of Ag.S (Ksp = 3 x 107%0)
compared with that of CdS and PbS (Ksp, = 10728) at 25
°C implies higher tendency to form stable nanocrystal-
line solid deposits.3?

Yet, we observe that PDA substrate has an inhibitory
effect to Ag.S nucleation, compared with the enhancing
effect in the cases of CdS and PbS. Moreover, in the
latter cases a well-defined crystallographic alignment
between the PDA substrate and the incipient nanoc-
rystals was evident,10.1228.29 in contrast to the Ag,S case
where no unique crystallographic orientation was ob-
served. Also, the spherical shapes of nano-Ag,S might
indicate a different interaction between the PDA surface
and the mineral, compared to pyramidal or flat trian-
gular shape of the PbS nanocrystals on PDA.2°

The valency of the metal ions present in the subphase
is implicated in the different nucleation behavior of the
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metal sulfides on PDA. PDA films consist of amphiphilic
PCDA molecules that are topochemically photopolymer-
ized into linear arrays at the air—water interface,
forming micrometer sized 2D crystals. It follows that
the immersed carboxylate headgroups form a regular
2D array that preferably binds divalent ions by forming
salt-bridges. The introduction of H,S gas induces nano-
crystal epitaxial nucleation at the organic—inorganic
interface that results in linear rows along the PDA
strands.'22° Therefore, PDA can be considered to be a
catalyst for the divalent nanocrystals growth, acting by
lowering the free energy of nucleation on the surface.
Monovalent Ag™ ions, that are electrostatically attracted
to the carboxylate groups on the PDA surface, require
twice as many ions for electric neutrality, presumably
forming a dense charged layer, which is incommensu-
rate with the PDA structure. Thus, the PDA apparently
inhibits oriented nanocrystal nucleation of Ag,S as
opposed to its catalytic effect in the case of divalent ions.
Studies of sulfides of other monovalent metal ions are
underway in order to examine the role of the metal
cation valency on the nucleation of semiconductor
nanocrystals on PDA.

Conclusions

In summary, we have showed that PDA Langmuir
films play a dominant role in controlling the lateral
arrangement and size of chemically deposited Ag,S
nanocrystals. In the absence of PDA, Ag.S is deposited
as interconnected particles that are about 50 nm in size
that are randomly oriented at the air—solution interface.
In the presence of PDA, two crystal populations are
obtained: small, ca. 8 nm nanocrystals arranged along
the PDA strands, and larger Ag,S crystals of ca. 50 nm
that are found in the voids of the PDA film. The linearly
arranged nanocrystals did not have a specific orienta-
tion with respect to the PDA film template. These
results indicate that the valency of the metal ions
present in the subphase is an important factor in the
nucleation and growth of metal sulfide nanocrystals on
PDA.
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Abstract A model is derived for isothermal three-dimensional deformation of polymers with finite strains.
A polymer fluid is treated as a permanent network of chains bridged by junctions (entanglements). Macro-
deformation of the medium induces two motions at the micro-level: (i) sliding of junctions with respect to
their reference positions that reflects non-affine deformation of the network, and (ii) slippage of chains with
respect to entanglements that is associated with unfolding of back-loops. Constitutive equations are developed
by using the laws of thermodynamics. Three important features characterize the model: (i) the symmetry of
relations between the elongation of strands and an appropriate configurational tensor, (ii) the strong nonlinear-
ity of the governing equations, and (iii) the account for the volumetric deformation of the network induced by
stretching of chains. The governing equations are applied to the numerical analysis of extensional and shear
flows. It is demonstrated that the model adequately describes the time-dependent response of polymer melts
observed in conventional rheological tests.

Keywords Polymer fluids - Non-affine networks - Chain stretching - Constitutive equations - Viscoplasticity

1 Introduction

This paper deals with modeling the time-dependent response of dense polymer fluids (melts and concentrated
solutions) at finite strains. Although this subject has been a focus of attention in the past three decades, it is
difficult to mention constitutive equations that adequately describe the characteristic features of the viscoelas-
tic behavior of polymer fluids observed in extensional and shear flows, on the one hand, and that are relatively
simple for their numerical implementation, on the other.

Conventional constitutive equations for polymer fluids based on the concept of non-affine networks [1-4]
presume that strands in a network are rigidly connected with junctions, whereas the junctions can slide with re-
spect to their positions in the bulk medium. An important advantage of this approach is that the sliding process
is described by ordinary differential equations (whose form is determined by appropriate kinematic hypothe-
ses), which implies that the governing equations can be implemented for numerical simulation of flows in do-
mains with complicated geometries. Another advantage of these models is that they do not distinguish between
flows of dense and dilute polymer systems, because, from the physical standpoint, deformation of a strand be-
tween entanglements in a polymer melt is treated in the same way as deformation of a chain in a dilute polymer
solution. This allows such phenomena as strain hardening in transient extensional flows and stress overshoot
in start-up shear flows (which are observed experimentally in solutions, as well as in melts) to be described

Communicated by S. H. Faria

A. D. Drozdov () - M. Gottlieb
Department of Chemical Engineering, Ben-Gurion University of the Negev, P.O. Box 653, Beer-Sheva 84105, Israel
E-mail: aleksey@bgumail.bgu.ac.il



A. D. Drozdov, M. Gottlieb

by the same governing equations. Constitutive equations for permanent non-affine networks may easily be
extended to transient networks (where active strands separate from their junctions and dangling strands merge
with the network [6, 7], or, in other words, where chains leave the tubes formed by surrounding molecules
due to curvilinear diffusion and new topological constraints are created being induced by the entanglement—
disentanglement process [8]). Regretfully, this extension is either overly simplified (when the rates of break-
age and reformation of strands are assumed to be determined by macro-deformation [9]), or leads to overly
complicated integral governing equations which cannot be applied to the numerical simulation of engineer-
ing problems. Some compromise between the two extremes is based on the Peterlin’s approximation, but its
mathematical basis is rather questionable. It should be noted that in this brief discussion, we do not distinguish
between the classical non-affine models with sliding junctions and new micro-mechanical approaches [10—
13], where “segmental stretch” is associated with slippage of strands with respect to their junctions (which
move affinely with the bulk medium), because they result in the same classes of governing equations.

From the kinematical standpoint, an important difference between dense (melts and concentrated solu-
tions) and dilute polymer fluids consists in the fact that in the dense systems, changes in the elongation of
strands and in the orientation of appropriate tubes may occur independently (due to the reptative motion of
chains inside their tubes), whereas in the dilute systems, the position of the end-to-end vector for a chain
uniquely determines its orientation and elongation. This means that the set of independent variables in the de-
scription of the mechanical response of dense systems should necessarily include an analog of the elongation
ratio for an “average” chain and an analog of the conformational tensor for an “average” tube. Although this
fact was recognized about two decades ago [8], it was presumed that the elongation of chains may be dis-
regarded in the analysis of conventional rheological tests, because the characteristic rate of this process (the
inverse of the maximum Rouse time) noticeably exceeds the characteristic rate of macro-deformation. This
hypothesis was questioned in several studies, which demonstrated that the account for chain stretching could
substantially improve the quality of fitting observations (see [14, 15] and the bibliography therein). However,
no physical mechanism was clearly indicated that could slow down substantially the Rouse relaxation time.

Important progress in the analysis of dense polymer systems has been done in the pom—pom model and
its modifications [16-21]. First, it was found that pulling arms of highly branched polymers inside a tube for
the backbone part of the pom—pom molecule and their withdrawal from the tube may serve as a mechanism
necessary for relatively slow elongation of an “average” chain. Secondly, a relatively simple set of governing
equations was developed for the elongation ratio of the backbone chain and the configurational tensor for the
orientation of the tube.

The pom—pom model has a number of advantages that were mentioned in the original publications. Some
shortcomings of the differential version of the pom—pom constitutive equations were discussed in [19], where
predictions of this model were compared with experimental data. From the mathematical standpoint, the
most important disadvantage of the differential version of this model is that the governing equations for
the elongation ratio and the configurational tensor are not symmetric: the kinetic equation for the backbone
stretch includes the configurational tensor, whereas the governing equation for the latter is independent of
the elongation ratio. Among other inconsistencies of the pom-pom model, one can mention (i) the linear
dependence of the elastic recovery force on the backbone stretch (even for Gaussian chains, this linearity is
violated in a network of compressible chains by the presence of the entropic contribution into the strain energy
driven by volume delation) [15], and (ii) the fact that the third principal invariant of the configurational tensor
does not equal unity (as it should be expected for incompressible fluids where this tensor coincides with the
left Cauchy—Green tensor [19]).

At first sight, these remarks appear to be contradictory, because we refer to compressible chains in (i)
and to incompressible deformations in (ii), which requires some explanation. To clarify this assertion, we
consider transformation of the initial configuration of a polymer fluid into its actual (deformed) configuration
as a superposition of three transformations: (i) from the initial state into the first intermediate state charac-
terized by sliding of junctions with respect to their reference positions (motion of tubes with respect to their
environment), (ii) from the first intermediate state to the second intermediate state determined by sliding of
strands with respect to entanglements (stretching of chains with respect to their tubes), and (iii) from the sec-
ond intermediate state to the actual state (this transformation is associated with elastic deformation of chains).
Observations on polymer melts demonstrate that macro-deformation (from the initial to actual state) is in-
compressible. Conventional models for non-affine networks presume that transformation from the initial to
the first intermediate state (sliding of junctions) is incompressible as well. However, the stretching of strands
changes the volume occupied by macromolecules, which implies that their elastic deformation should be com-
pressible to ensure the incompressibility of macro-deformation. Within this scenario, the conclusion (i) refers
to elastic deformation of chains, whereas the statement (ii) deals with macro-deformation of a polymer fluid.
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The objective of this work is twofold: (i) to derive differential constitutive equations for a polymer fluid
that are similar to the pom—pom model, but that are free from the above shortcomings, and (ii) to perform
numerical simulation of extensional and shear flows and to demonstrate that the governing equations describe
qualitatively the most important phenomena observed in experiments.

Unlike the pom—pom model, we do not restrict ourselves to highly branched polymers, presuming that the
unfolding of back-loops and removal of unstable loops may serve as a relatively slow mechanism for stretch-
ing even linear macromolecules [22]. Another difference between this study and previous publications is that
we do not use configurational tensors and develop governing equations by using the conventional apparatus
of continuum mechanics. As our goal is to derive a model that can be implemented for numerical simula-
tion of complex flows, we confine ourselves to deterministic constitutive equations and disregard stochastic
processes associated with random constraint release at chain stretching [14, 23, 24].

The study is organized as follows. Kinematic equations for sliding of junctions and slippage of chains with
respect to entanglements are developed in Sect. 2. Constitutive equations for a dense polymer fluid are derived
in Sect. 3 by using the laws of thermodynamics. The set of adjustable parameters in the governing equations
is discussed in Sect. 4. Uniaxial extensional flows and shear flows are studied in Sects. 5 and 6, respectively,
where explicit expressions are developed for steady viscosities, whereas transient regimes of deformation are
analyzed numerically. Some concluding remarks are formulated in Sect. 7.

2 Kinematics of a network with sliding junctions

We begin with the analysis of the deformation of an individual strand, whose ends are connected to two
nearby junctions (entanglements) located at points with radius vectors Ry and R; in the initial (stress-free)
state. These points of the bulk medium occupy the positions in the actual (deformed) state at an arbitrary
instant ¢+ > 0 that are determined by the radius vectors r(¢) and r;(¢). Transformation of the initial state into
the actual state is described by the deformation gradient F(¢).

Two dissipative processes are introduced at the micro-level:

1. sliding of junctions (entanglements) with respect to their reference positions in the bulk medium,
2. slippage of chains with respect to appropriate entanglements.

The sliding of junctions reflects non-affine deformation of the network. It is characterized by the deforma-
tion gradient F, (¢). Due to the sliding process, at arbitrary time ¢ > 0, the vector r,(¢) from one junction
point to the other reads

r,(t) =F,()- R,

where R = R, — Ry, and the dot stands for inner product.
Slippage of a chain with respect to its entanglements is treated as elongation (contraction) of a strand
between its junctions that is described by the deformation gradient

Fs(t) = A1, ey

where A(t) 0 is the strand elongation and I denotes the unit tensor. Equation (1) describes deformation
of a strand, at which its length is increased by a factor of A (stretching of an appropriate chain in its tube),
while its direction (characterized by the position of the tube) remains unchanged. The coefficient A in Eq. (1)
is treated as an additional state variable in the model which depends on time and the position of a chain, but
which is independent of the chain direction (an isotropic sliding). For the sake of brevity, the dependence of
all functions on radius vector R is omitted.

The transition from the initial end-to-end vector of the strand R to its current end-to-end vector r (¢)
induced by sliding of junctions and slippage of chains with respect to entanglements is characterized by the
deformation gradient

F (1) =F;() - F,(0). 2

The subscript index “ ” denotes viscoplastic deformation, as we associate the dissipative processes (sliding
of junctions and slippage of chains) with viscoplasticity of polymer networks.

The elastic deformation gradient F,(¢) is determined as the deformation gradient from the intermediate
state of a strand, characterized by the end-to-end vector r (), to its actual state, described by the end-to-end
vector r(¢). The multiplicative decomposition formula for the deformation gradient F(¢) reads

F(1) =F.(t) -F (1). 3)
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Substitution of expressions (1) and (2) into Eq. (3) implies that

F(1) = MOF. (1) - Fo(1). “)
Differentiation of Eq. (4) with respect to time results in
P = 2 0F0 F0 +205 40 - F,0) +20F0 - S0
de ' dt ! dt ! ¢ dr
Introducing the velocity gradients by the conventional formulas
dF dF dF
Lt)=—(@)-F '), Lt)=="20 -F, '), L@ =—"L@) - F'¢ 5
(1) dr() (),  Le(r) dt() e (O, (D) dr() n (D), &)
we find that
L(t) = Le(t) + L, (1) + Ly (1), (6)
where L
L,(t) =F.(0) - 1,(t) -F; ' (1), Lg(t) = Ds()L,  Dy(1) = WEU)' @)
The left and right Cauchy—Green tensors for elastic deformation are given by
B.(t) =Fe(t) - F/ (1), Ce(t) =F[ (1) - Fe(t), ®)

where T stands for transpose. Differentiating the first equality in Eq. (8) with respect to time and using Eq. (5),
we arrive at the kinetic equation for the left Cauchy—Green tensor

dB,. -
R (1) = Le(7) - Be (1) + B (2) - L, (7). )
It follows from Egs. (6), (7) and (9) that
dze () = [L() - Be(t) + B (1) - LT ()] — [Ly(t) - Bo(t) + Bo(¢) - L} ()] — 2D5(1)B (). (10)
Differentiation of the other equality in Eq. (8) results in
d;e (t) = 2F] () - D, (1) - Fe (1), (11)
where |
D, (1) = S L) + L, (1] (12)

is the rate-of-strain tensor for elastic deformation. Equations (6) and (7) imply that
D(1) = D (1) + Dy (1) + Ds (D)1, (13)

where the rate-of-strain tensors D(#) and D, (¢) are introduced by the formulas similar to Eq. (12). Substituting
expression (13) into Eq. (11), we obtain

dC
dt

Equations (10) and (14) describe the evolution of the left and right Cauchy—Green tensors for an arbitrary slid-
ing process. Following [1], we suppose that the vorticity tensor for sliding of junctions €2, (¢) is proportional
to the vorticity tensor for macro-deformation €2 (¢),

Qu(t) = (HQ(), (15)

where (¢) € (0, 1) is a coefficient of proportionality, and

() = 2[F] (1) - D) - Fo(t) = F] (1) - Dy (1) - Fo(t) — Dy (1) Co(0)]. (14)

1 - 1 -
Q) = E[L(I) -L ], Q.= E[Ln(t) —-L, (O]
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Without loss of generality, we write

D,() = @©D@)+d,(), (16)
where d,,(¢) is a new symmetric tensor. It follows from Eqgs. (15) and (16) that
L,@t) = (@OL@) +d,@). (17)
Substitution of expressions (16) and (17) into Egs. (10) and (14) results in the differential equations
dB.
r )= (1= O)LE) - Be(t) +Be(t) - LT (1)) — (du(t) - Be(t) + Be(r) - dy(1)) — 2D5(1)Bc (1), (18)
dC,
yr ) =2[(1— O)F; (1) D) -Fo(t) = F] () - dy(t) - Fo(t) — Ds(1)Ce(1)]. (19)

Our aim now is to derive kinetic equations for the principal invariants J.;(¢) (k = 1, 2, 3) of the tensor C,(¢).
For this purpose, we introduce the temporal notation

d@) =1 - @)D@) —d, (1)
and present Eq. (19) in the form
dC,

() = 2[F] (1) - d(z) - Fo(t) — Dy(1)Co(1)]. (20)
It follows from Egs. (8) and (20) that
2
d(;f () = 2[F] () - (d(®) - Bo(t) + B, (1) - d(®)) - Fe (1) — 2D (1) CZ(1)],
dc3 (21)

() = 2[F] (1) - (d() - B2(t) + Be(t) - d(1) - Be(t) + B2(1) - d(1)) - Fo(t) — 3D5(1)C2(1)].

According to Egs. (20) and (21), the first invariants I (f) = I : Clg () of the tensors Clg (#) obey the differential
equations

dle
R (1) = 2[Be(2) : d(t) — Ds(1) o1 ()],
djjz (1) = 4[B; (1) : d(r) — Ds()1ea(1)], (22)
df (0 =6[B3(1) : d(0) — D) L3(1)],
where the colon stands for convolution. The principal invariants J (¢) of the tensor C,(¢) are calculated as

L) ! 3
Je1(®) = L1 (1),  Je2(t) = E(IEI(I) - IeZ(t))a Je3(t) = §(1e3(t) - Ie](t) + 3I€I(t)‘]€2(t))' (23)

We differentiate Eq. (23) with respect to time, use Eq. (22), and, after simple algebra, arrive at the formulas

dJ,
dz‘l (t) = 2[B,(1) : A(t) — Dy(t)Je1 (1],

dJ,

dtz () = 2[(Je1 (OB (1) = BZ(1)) : d(1) — 2D;(1) e (1)],

dJes

=0 = 2L d(1) = 3D5 (1)1 (0).

Returning to the initial notation, we find from these equations that the derivative of an arbitrary smooth
function  of the principal invariants of the tensor C,(¢) reads

d
E(Jel(t)a-]d(t),-]d(l‘)):2[ 1OBe() +  2(6)(Je1 (B (t) — B2(1))

+ 301 [(1 = ()D@) — dy(1)]
=20 1OJe1() +2 2()Jea(t) + 3 3(1)Je3 ()] D5 (1), (24)
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where

a
k(1) = ——Je1(1), Je2(t), Je3(1)).
0Jek
Our purpose now is to apply Eq. (24) in order to develop constitutive equations for a polymer fluid by using
the laws of thermodynamics.

3 Constitutive equations

A polymer is treated as an incompressible network of chains bridged by junctions (entanglements) that slide
with respect to their reference positions. The incompressibility condition for macro-deformation implies that
for any ¢ > 0,

I:D() =0. (25)

It is assumed that the sliding process also induces volume-preserving transformation,
I:D,() =0.
This condition together with Egs. (16) and (25) results in
I:d,(r)=0. (26)

With reference to [25, 26], the following expression is adopted for the strain energy per unit mass W at a fixed
temperature

1
W) = EkBN [(Jer(1) —=3) — InJe3(®)], 27)

where kp is Boltmann’s constant, N is the number of strands per unit mass, and is a positive constant
that will be determined later. The first term on the right-hand side of Eq. (27) describes the entropic strain
energy of non-interacting Gaussian chains, while the other term characterizes the entropy of their interaction
(when chains are treated as an ideal gas of particles). The negativity of the second term at three-dimensional
extension (J,3 1) means that the entropy of an ensemble of chains increases with its volume.

An important shortcoming of expression (27) is that it implies the same order of magnitude for shear
and bulk moduli [27]. Another disadvantage of this formula is that it leads to unrealistic results for the ratio
of the lateral strain to the longitudinal strain at uniaxial compression [28]. Finally, our numerical analysis
demonstrates that the presence of the logarithmic term in Eq. (27) is insufficient to ensure “finite extensibility”
of strands at uniaxial extension with constant strain rates: the function A(¢) accepts physically unrealistic
values at relatively large strain rates within the experimental time-scale. To guarantee reasonable constraints
on the elongation ratio A, an additional function of volumetric strain should be introduced on the right-hand
side of Eq. (27). This function is associated with hydrostatic pressure necessary to maintain the stress-free
state of a network in its initial configuration. Three functions are conventionally employed to describe the
dependence of strain energy on volume deformation [29-31]:

23! M1 H1 _
—Ua—-D? U= 7(1nJe3)2, U==—(; -1). (28)

U=
2 2 e

In these equations, 1 (an analog of the bulk modulus) and (a dimensionless exponent) are positive con-
stants. As the last formula in Eq. (28) (the so-called general Blatz—Ko medium [32]) has a number of advan-
tages compared to the other relations, we chose the extra term in Eq. (27) in this form.

It is worth noting that the summation of contributions (27) and (28) into the strain energy of a network
should be performed with caution, because Eq. (27) describes the entropic strain energy per unit mass, whereas
Eq. (28) determines the elastic strain energy per unit volume in the unloaded state. The latter means that for
a small element with mass m and volume  , in the intermediate state determined by sliding of junctions,
the total strain energy reads

®) =/ W(t)dm+/ Uyd ,, (29)
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where dm is mass element, and d , is volume element. Due to the incompressibility condition for the sliding
process, the latter quantity coincides with the volume element in the initial state, and, as a consequence, it is
independent of time. Differentiation of Eq. (29) with respect to time implies that

d aw au

Bearing in mind that

dm = d , (30)
where is density, and d is volume element in the actual state, and
d =./J,
d R - e3s
we find that
d (®) —/ [ aw @) + L_dU (I)}d (€29)
dt N dt VI dt ’

where is the volume occupied by element m in the deformed state.
Applying formula (24) to expressions (27) and (28) and using Egs. (25) and (26), we obtain

dw
— O =kN {Be(0) - [(1 = 0)D@) = dp ()] = Jer (1) =3 )Ds (1)},

dUu -
E(z) =3u1J 5 (t)Ds(t).

Substitution of these equations into Eq. (31) results in

d _ 1
—— 0= / u[Bed): (1= (O)DO) —dy(1) = V() =3 =3 Jyy *O)D0]d . (32)

where u = kpN ,and = ui/u.
For isothermal deformations of an incompressible medium at the reference temperature , the Clausius—
Duhem inequality reads

/ Q@)dm = —%(t) +/ "(t) : D()d >0,

where Q is internal dissipation per unit mass, is the Cauchy stress tensor, and the prime stands for the
deviatoric component of a tensor. Using Egs. (30) and (32), we present this equation in the differential form

0 =1 ) —pn(d— (@)B(N)] : D) + uBy (1) : dy(r)
+u<Jel(t) -3 -3 J, ’%(r))Ds(t), (33)
To derive Eq. (33) we employed the formulas
B.:D=B,:D, B,:d,=B,:d,,

which follow from Egs. (25) and (26). The following expression is adopted for the internal dissipation per
unit volume:

O(t) =2 (D) (t) : dy(t) +3 S()D2(0). (34)

The first term on the right-hand side of Eq. (34) describes dissipation of energy driven by sliding of junctions,
whereas the other term determine internal dissipation induced by sliding of chains with respect to entan-
glements (as the latter motion is one-dimensional, the coefficient 3 is introduced instead of 2). Substituting
expression (34) into Eq. (33) and equating appropriate terms, we arrive at the governing equation

(1) =—=POI+pd— ()B(), (35)
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where P (t) is an unknown pressure, and the kinetic equations for d,, (¢) and Dy (?),

u
2 ,(@)

B

d,(r) = 3.0)

_ 1
B.(), Do) =5 —[la)=3 =3 J; (0] (36)

Combining the first equality in Eq. (36) with Eq. (18) and bearing in mind that B, = B, — %Jell, we arrive at
the formula

dB, T " 5 1
yr (1) =1 = @O)L@) - Be(t) +Be () - L (1)) — B (Bg(t) - gJa(t)Be) —2Ds(1)Be(1).  (37)
It follows from Egs. (7) and (37) that the function
be (1) = 2*(1)B. (1) (38)
satisfies the equation
db. T K2 2 .
yr (1) =0 = @)L) - be(r) +be(2) - L (1)) — 0 (1) (be(t) - §Je1(t)be(t)> , (39)

where j,; =1 : b, is the first invariant of the tensor b,, and

1
t)y=——. 40
) 0 (40)
Equation (7) together with the second equality in Eq. (36) results in
dxr n _ 1
—t)=——|Ja(®)=3 =3 J 2t]kt.
0= 50 PIOING
It follows from this equation that no elongation of chains occurs in the initial state (where J,; = 3 and
Je3 = 1) if the coefficient equals 1 — . Taking into account this condition, we find that
P = a0 -3-3 (15 20 -1) o @)
TASEREING) S . ‘
Bearing in mind that J,; = 2 Je1 and Jo3 = 6 [the latter formula follows from Egs. (4) and (8) and the

incompressibility conditions for macro-deformation and sliding of junctions], we find from Egs. (40) and
(41) that the function (¢) obeys the differential equation

d_ _ M lz . _ =6 -3
dt(l)_ ) [<3 () Je1(2) 1>+ (1 (i))} ®). (42)

Substitution of expressions (38) and (40) into Eq. (35) implies that

) =—POI+p(l— @) *O)be(). (43)

Formulas (39), (42) and (43) provide a set of constitutive equations for a polymer fluid at an arbitrary three-
dimensional deformation with finite strains. The structure of these relations is similar to that of the governing
equations in the pom—pom model: (i) the deviatoric part of the stress tensor is proportional to the square of
the dimensionless ratio , and (ii) the set of kinetic equations consists of independent evolution equations for
the scalar function (¢) and the tensor function b, (). However, Egs. (39) and (42) substantially differ from
appropriate equations in the pom-pom model: (i) these equations are symmetric in the sense that the evolution
of the deformation tensor b, is affected by the ratio , and the evolution of depends on b,, (ii) Eq. (39)
for the deformation tensor is strongly nonlinear even when the ratio adopt its equilibrium value = 1,
and (iii) “recovery” of the function (¢) after instantaneous unloading is described by two micro-mechanisms
that are associated with the entropic (the first term in Eq. (42)) and elastic (the other term in this equation)
contributions into the strain energy.



Constitutive equations for non-affine polymer networks with slippage of chains

4 Adjustable parameters

Equations (39), (42) and (43) involve three positive parameters, i, and , and three positive functions of
time, (¢), s(¢)and ,(¢).On the one hand, the presence of adaptive functions in governing equations makes
the model rather flexible to describe observations. On the other hand, three unknown functions cannot be
determined with a reasonable level of accuracy by fitting observations in conventional rheological tests. The
latter implies the necessity to introduce phenomenological relations that express the parameters , and ,
in terms of some quantities that can be found experimentally.

To simplify the analysis, we treat and  as strain-independent material parameters and assume the
viscosity , to be a function of the strain-rate intensity

Di(t) = 2D(t) : D(1))?. (44)

Two types of polymer fluids are considered. For a type-I fluid, the viscosity , increases with D; following

the power-law
a
n=2P+K(%>}, (45)
D;
0

where  is the viscosity of sliding of junctions at the zero strain rate, D? is some reference strain rate
intensity, and a is a positive exponent. For a type-II fluid, the viscosity , decreases with D; following the

Storr formula
aq—1
0 D;
n= ,|1+K D—? . (46)

It is worth emphasizing at this stage the only two sources of “phenomenological” relations are employed to
design the model: (i) the generalized Blatz—Ko formula (28) for the energy of inter-chain interactions, and (ii)
the conventional Storr formulas (45) and (46) for the dependence of viscosity on strain rate.

For both types of polymer fluids, the constitutive equations are determined by eight material constants that
have transparent physical meaning: (i) the coefficient of proportionality  between the vorticity tensors for
sliding of junctions and macro-deformation, (ii) the viscosity for slippage of chains with respect to entangle-
ments g, (iii) the zero-strain rate viscosity for sliding of junctions with respect to their reference positions ,,
(iv) the coefficient K and the exponent a that characterize the effect of strain-rate intensity on the viscosity of
sliding, (v) the elastic modulus &, (vi) the ratio of moduli associated with elastic and entropic contributions
into the strain energy density , and (vii) the exponent that describes changes in the strain energy density
induced by volume deformation.

Our aim now is to demonstrate that these parameters can be found by fitting experimental data in conven-
tional tests.

5 Uniaxial extension

We begin with the analysis of stresses at uniaxial extension of a polymer fluid. Points of the medium refer
to Cartesian coordinates {X;} (i = 1,2, 3) in the stress-free state and to Cartesian coordinates {x;} in the
deformed state. The current position of entanglements between chains is determined by the Cartesian coordi-
nates { ;}. Uniaxial extension of an incompressible medium is described by the formulas

X =k(OX), x3=k2()X2, x3=k 2()Xa, (47)

where k(¢) is the elongation ratio. It is assumed that the sliding process is described by the equations similar
to Eq. (47),

1= (OX1, 2= 10Xy 3= “1(HXs, (48)

where (f) is an unknown function of time. It follows from Eqgs. (47) and (48) that

1 1
F =keje; +k 2(epe; +e3e3), F,= ee+ ~2(erer+ esze3), 49)
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where e; are base vectors of the frame {X;}. Substitution of expressions (49) into Eq. (4) implies that

1Tk 3
F, = 5 |:—e1e1 + (%) (exep +e3e3)] . (50)

Combining Egs. (8) and (50), we find that

L[k
Be= 5 |[( =) erer+ (@2 +ese) |

This equation together with Eq. (38) results in

2
b, = [(E> ee; + E(ezez + e3e3)i| . (51)

Substitution of expressions (40) and (51) into Eq. (43) implies that

= 1ere; + 2(ezex + ese3),

where
2
2 (K 2
1=—Pap- ) (=) a=-Papl- ) P
It follows from these equations that the stress difference = | — isgivenby
k 2
=pu(l— ) 2[(—) —z] (52)
Equation (51) implies that
k 2
Je1 = (—) +24. (53)

Substitution of this expression into Eq. (42) results in the differential equation

d__m{(Laf(RY o) B
i S|:(3 (()+2k> 1)+ (1 ):|. (54)

It follows from Eq. (47) that
k 1
L= % [6101 - 5(0202 + 6363)] , (55)

where k = dk/dt. This equality together with Eq. (44) implies that

D; = %ﬁ. (56)

We now substitute expressions (51) and (55) into Eq. (39). Omitting simple algebra, we arrive at the kinetic
equation for the function (¢)

d dk  p k-3,

— = —— 4+ — . 57

dt k dt + 3, &k (57)
Equations (52), (54) and (57) determine the stress difference for an arbitrary deformation program. Our

aim now is to study in detail two rheological tests: deformation with a constant strain rate and stress relaxation.
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5.1 Deformation with a constant strain rate

For an extensional flow with a constant strain rate *, Eq. (57) is simplified. Bearing in mind that

k() =exp('t), (58)
we search a solution of Eq. (57) in the form

(1) = z(1) exp('1), (59)

where z(¢) is an unknown function. Substitution of expressions (58) and (59) into Eq. (57) implies the differ-
ential equation

dz . u 11— z3 2
— 1— = . 60
dl‘+( )z 3.0) 2 (60)
It follows from Egs. (54) and (59) that
d " 21+ 223 6 -3
— = -1 1-— . 61
() e o
The initial conditions for Egs. (60) and (61) are given by
z(0) =1, 0)=1. (62)
According to Eq. (52), the transient elongational viscosity [ = /" is determined as
1-23
e e (63)
Assuming that z(t) — zo and (¢) —> ¢ ast — oo, we find from Eq. (60) that
1—2(3) 2 .
u—ms— o =30- ) ()" (64)
20

The steady elongational viscosity . = lim;_, o j(t) is calculated from Egs. (63) and (64),

(=3 ,0)1— ) (65)
It follows from Eqs. (44)—(46), (56), (58) and (65) that 0 = % 8(1 — )72, where S is the zero strain rate

n
elongational viscosity, whereas the coefficients @ and K in Eqgs. (45) and (46) can be found in the approxima-
tion of an appropriate experimental dependence ().
Equation (65) determines the steady elongational viscosity , for an arbitrary strain rate ". A surprising
conclusion of our analysis is that the steady elongational viscosity is independent of the ratio . The parameter
o that characterizes an average elongation of chains at large times is, however, a function of . To find this
dependence, we consider the steady-state solution of Eq. (61). As the elongation ratio A remains finite, it

follows from Eq. (61) that ( obeys the equation

3
, L+ 2z5 .
0 3,2 7
0

(1— ¢ 7). (66)

At relatively large strain rates, when the dimensionless ratio M = 3(1— ) ,(7)/(u ") is large compared with
unity, Eq. (64) implies that zg <« 1. Neglecting zg in Eq. (64), we find that

() -

With the same level of accuracy, Eq. (66) implies that

() =1 oo
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Table 1 Material parameters for type-I and type-II polymer fluids

Fluid 1 kPa skPas  OkPas a K DY s™!
Typel 06 800 05 1.0 3000 10.0 02 150 0.1/3
Type-ll 02 500 05 1.0 3000  600.0 02 12  0.1V3

Combination of these equations results in 0SB —M—-14+ _AtM > 1,the right-hand side of this
equation can be replaced by M, which implies that

_(_)ﬁ
0=1(5; :

Returning to the initial notation, we find from this equation that the average elongation ratio for slippage of
chains X in a steady extensional flow with the strain rate * reads

1
—
-] <67)

Equation (67) implies that A is inversely proportional to the modulus w1 in Eq. (28). The latter confirms the
necessity to account for the elastic contribution into the strain energy density of a polymer network.

To demonstrate how the transient elongational viscosity . evolves with time, we integrate Eqgs. (60) and
(61) numerically with initial conditions (62). Integration is performed by the Runge—Kutta method with the
time step ¢ = 1.0 - 10™* s for the type-I and type-II polymer fluids with the material parameters listed in
Table 1. To assess the effect of the dimensionless ratio , two values of this quantity are considered: = 1.0
and = 10.0. The strain rates under investigation range from 0.1 to 30.0 s~!, the values conventionally
employed in extensional tests. The results of numerical simulation are presented in Figs. 1 to 3.

In Fig. 1, the transient elongational viscosity [ is plotted versus time. For both types of polymer
fluids, given a strain rate °, the elongational viscosity monotonically increases with ¢ and reaches its
steady-state value within the experimental time-scale (except for deformation with the smallest strain rate
"min = 0.1 s™1). The instant when the graph of j’ in extensional flow with a strain rate ~ deviates from that
for "min decreases with strain rate, as well as the instant when the transient viscosity reaches its steady value.
The growth of by an order of magnitude weakly affects the elongational viscosity.

3.0

log n
kPa |

-1.0
3.0

log ntr
kPa |

_1.0 | | | |
—-2.0 logt s 1.0
+

Fig. 1 The transient elongational viscosity . versus time ¢ at uniaxial extension of type-I fluid A and type-II fluid B with the

strain rates * = 0.1, 0.5, 1.0, 2.0, 5.0, 10.0 and 30.0 s~!, from bottom to top, respectively. Solid lines: = 1.0. Dotted lines:
=10.0
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2.5

—-2.0 logt s 1.0
Fig. 2 The dimensionless parameter A versus time ¢ at uniaxial extension of type-I fluid A and type-II fluid B with the strain
rates * = 0.1, 0.5, 1.0, 2.0, 5.0, 10.0 and 30.0 s—!, from bottom to top, respectively. Solid lines: = 1.0. Dotted lines: = 10.0
100.0
AY |
kPa |
0.0
400.0
AY
kPa [
00 1 1 1 Il 1
0.0 € 3.0
Fig. 3 The stress difference versus the Hencky strain  at uniaxial extension of type-I fluid A and type-II fluid B with the
strain rates * = 0.1, 0.5 and 1.0 s~!, from bottom to top, respectively. Solid lines: = 1.0. Dotted lines: = 10.0

The dimensionless ratio A is plotted versus time in Fig. 2. At all strain rates under consideration, A mono-
tonically increases with ¢ and reaches its steady-state value within the experimental time-scale. The steady
values of A strongly increase with strain rate ~ and noticeably decrease with

The stress difference is plotted versus the Hencky strain in Fig. 3. The quantity monotonically
increases with strain . The growth is relatively weak at small strain rates and it becomes stronger with an
increase in . An increase in  results in the growth of the stress difference (insignificant at small °, but
substantial at large strain rates).

The following conclusions may be drawn from the results depicted in Figs. 1 to 3:

1. The ratio of elastic moduli  affects the elongational viscosity rather weakly, but its influence on the
average elongation ratio of chains is significant.

2. The stress difference increases with strain  for both types of fluids, but the growth is more pro-
nounced for type-II polymer fluid.

3. The shapes of the curves depicted in Figs. 1 and 3 coincide qualitatively with appropriate experimental
dependencies for polymer melts [33].
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5.2 Stress relaxation

Our aim now is to study the evolution of stresses in a standard relaxation test with

k(t) = { Lot 0, (68)

ko, =0,
where kg 0 is a given elongation ratio. It follows from Eqs. (57) and (68) that the function (¢) satisfies the
equation
d _n k(3) - 2
dt 390 ko '
To develop an initial condition for this equation, we integrate Eq. (57) along a small interval of time within

which the function k() changes from 1 to kg. In this interval, the second term on the right-hand side of
Eq. (57) may be neglected, which implies that

(69)

d —
dk — k
Integration of this equation with the condition (k)|t=1 = 1 results in
©0) = k. (70)

Introducing the notation (¢) = koz(¢), we present Egs. (69) and (70) in the form

dz 22 1—23 ) —(1-)
T30 2(0) = k, (71)

According to Eq. (54), the function (#) obeys the equation

d _ _mwl(lof1 _ _ 63 =
Tl [<3 (22+2z> 1)+ (1 )], ) = 1. (72)

It follows from Eq. (52) that the stress difference is given by

. B 51 — 73
=ul—) 5 (73)
z

To assess the relaxation kinetics, we solve Egs. (71) and (72) numerically and calculate from Eq. (73).
Integration is performed by the Runge—Kutta method with the time step # = 1.0- 10~* s and the elongation
ratios ko = 2.0, 3.0, 4.0 and 5.0. We use the same material parameters as those employed in the analysis of
transient elongational viscosity for type-I fluid (Table 1). Numerical simulation is carried out for two values
of the zero strain rate viscosity 9, = 10.0 and 2 = 40.0 kPa:s.

The stress difference is plotted versus time in Fig. 4A. This figure reveals the following features of
the relaxation process: (i) the stress monotonically decreases with time, and the reduction in stress is
strongly non-exponential, (ii) the influence of the elongation ratio ko on the stress difference is observed
at the initial interval of relaxation only, and (iii) an increase in viscosity 2 results in the shift of the relaxation
curves to larger times.

To evaluate the average elongation of strands, we calculate A from Eq. (40) and plot the function A(¢) in
Fig. 4B. This figure shows that changes in the ratio A are quite small (less than 0.02) for all elongations kg
under investigation. The function A(#) increases at small times, reaches its ultimate value at the end of the
initial period of relaxation, and decreases to its equilibrium value A = 1 within the experimental time-scale.

According to Fig. 4, changes in the coefficient  with time may be disregarded, which implies that
Egs. (71) and (73) are simplified

dz nw 1l—z
d 3190

(74)
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3.0
log AX[
kPa
-3.0
1.02
B
) T T
-2.0 logt s 1.0
Fig. 4 The stress difference A and the dimensionless ratio A B versus time ¢ in relaxation tests on type-I fluid with the
elongation ratios k = 2.0, 3.0, 4.0 and 5.0, from bottom to top, respectively. Solid lines: 2 = 10.0. Dotted lines: 2 = 40.0 kPas-
Differential Eq. (74) is integrated explicitly,
-3(1- )
1 1-23 142z 11—k
—In——— — +/3arctan =—In—%
2 (1—- 2)3 ﬁ 2 (1 _ k—(l— ))3
0
—-(1-)
14 2k
— +/3 arctan 0 + %t.
V3 n
After determining the function z(¢), the stress difference (t) is calculated from the second equality in

Eq. (74). This analytical solution may be convenient for the study of scaling behavior of relaxation curves at
various intervals of time.

6 Simple shear

We proceed with the analysis of shear flow of polymer fluids. Simple shear of an infinite layer is described by
the equations
x1=X1, x2=Xo+k()X1, x3=Xj3, (75)

where {X;} are Cartesian coordinates in the initial (stress-free) state, {x;} are Cartesian coordinates in the
deformed state, and k(¢) is shear. Sliding of junctions with respect to their reference positions is treated as a
superposition of simple shear and three-dimensional extension

1= 10X, 2= 20X+ @OX1, 3= 3(0)X3, (76)

where { ;} are Cartesian coordinates in the intermediate state that describes the sliding process, and (¢) and
i (¢) are functions to be found.
According to Egs. (75) and (76), the deformation gradients F and F,, read

F=1+kee;, F,= 1eje;+ 2erer + 3ezez + ejep, a7

where e; are base vectors of the coordinate frame {X;}. Substitution of expressions (77) into Eq. (4) results in

1
F, = X(Plelel + p2e2er + pseze; +  ejen), (78)
where

pP1L= 23 Pp2= 13 D3= 12 = 3( 1k— ).
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Combining Egs. (8), (38) and (78), we find that

b, = (pf + 2)elel + p2 (e1€2 + exer) + preser + pieses. (79)
The first invariant of the tensor b, is calculated as
ja=pi+pi+pi+ >

According to Eq. (75) the velocity gradient L and the rate-of-strain tensor D are given by
. k
L =kee, D= §(e1ez+ezel), (80)

where £ = dk /dt. It follows from Eqgs. (44) and (80) that the strain-rate intensity reads
D; = |k|. (81)

Substitution of expressions (79) and (80) into Eq. (39) results in the differential equations

dpi I 2(h2 2 2 2
e _ _ 7 292 — p2 _ p2 _ ,
0 5 1 Cpi—pri—p3— °)
dp> I
T e P2 *(=pi+2p3—p3+2 2),
" (82)
dp3 M 2 2 2 2 2
2 _ 7 _p2 _ 21p2 ,
0 L (—=pi—pi+2p5— °)
d dk Y ) 2 2 2
—=(1- —_— 5 2p5 — 2 “).
di ( )pzdt 6, (P1+ p; —p3+ )
Combining Eqgs. (42) and (79), we find that
d s 2 _6 —
d—=——[(—(p%+p§+p%+ 2)—1>+ (- -° 3)} : (83)
t s 3
Substitution of expression (79) into Eq. (43) implies that
= 1e1e;1 + 2mexer + 33ezes + 12(ejey + exeq),
where
n=-P+ul—- H(pi+ ?) %
n=—P+pl- )p;?
P3 (84)
3=—P+pl- )p;?
p=wpl-p %
It follows from these formulas that the first normal stress difference Ny = {1 — 22 and the second normal
stress difference Np = 7, — 33 read
Ni=p(l— )(pl-p3+ 3% Na=pnl- )(p3-p3) 2 (85)
Equations (82) to (85) determine the shear stress = 12 and the normal stress differences Ny and N> for

an arbitrary shear program k(#). Our aim now is to analyze in detail (i) shearing with a constant strain rate %,
and (ii) shear oscillations with small and large amplitudes.
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6.1 Deformation with a constant strain rate

We begin with the analysis of shear flow with a constant strain rate k and determine the steady shear viscosity
s as a function of shear rate. For this purpose, we assume that the functions p,,(¢) (m = 1,2,3), (¢) and
() tend to their limiting values p;,0, oand g ast — oo. Equations (82) and (83) imply that the quantities

Pmo, o and o satisfy the equations

2 2 2 2
2pio— P~ P~ 0=0
—Pio+ 2P — Pl +2 § =0,
—Pto— P +2P% — §=0. (86)
6 .
(5PT0 +2P3%— P +25) 04 = 7"(1 — ) P20k,
2
0.2 2 2 2 -6 -3
?(P10+P20+P30+ o)=1- (1-4" 7).
Subtracting the third equality in Eq. (86) from the first one, we obtain
P3o = Po- (87)
Substitution of expression (87) into the second equality in Eq. (86) results in
Pio=po+ o (88)
It follows from Eq. (82) that
2 2 2
PioP20P30 = 1.
Combining this equality with expressions (87) and (88), we obtain
2 2 1
P + 0= —- (89)
P20

Substituting Egs. (87) and (88) into the fourth and fifth equations in Eq. (86) and using Eq. (89), we find that

0¢= ;”(1 — )3k, O ——— = pn. (90)

1= (=507
It follows from Eq. (84) that the steady shear viscosity ¢ = / k is given by
I
=70 = )pn 0 GV

For an arbitrary parameter , the steady shear viscosity is determined from Egs. (89) to (91).
These equations are studied analytically at small < 1. It follows from the second equality in Eq. (90)
that
¢ = p2. 92)

Combining this formula with the first equality in Eq. (90), we obtain

0=—(1— )pak. 93)
m

It follows from Egs. (89) and (91) to (93) that
s= all= )’p, (94)
where pg satisfies the algebraic equation

2
: 1
2 n 2
p +[—(1— )k] Ph=—.
20 w 20 P2
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The solution of this equation reads

23
pzo={1+[l<1— )k”
n

Combining this expression with Eq. (94), we arrive at the formula for the steady shear viscosity

7 -1
s= a(l— )2{1+[;"(1— )k” . (95)

Comparison of Egs. (65) and (95) implies that at small strain rates, when the terms in the square brackets in
Eq. (95) may be disregarded, the Trouton ratio

e
Tr=—
)

equals 3, in accord with numerous observations. Another conclusion that may be drawn from Eq. (95) is that
at relatively large shear rates, the steady shear viscosity ; decreases with k independently of whether ,, (and,
as a result, the elongational viscosity ) increases or decreases with strain rate.

To find the steady first and second normal stress differences, we substitute expressions (87) and (88) into
Eq. (85) and obtain

Ni=2u(l— ) §g. Na=-pld—)§g. (96)
It follows from these equations that for arbitrary shear rate k and dimensionless ratio
Ny 1
= 97)
Ny 2

Substitution of expressions (91) and (93) into the first equality in Eq. (96) implies that at < 1,

—1

2
Ni=2 20— )31é2{1+[—”(1— )k” : ©8)
M u

The characteristic time for steady shear flow is given by , = N;/(2 k). Combining this formula with
Egs. (95) and (98), we find that

n

n=—(— ). 99)
nw

To evaluate the characteristic time at small strain rates ,? (this quantity determines the Weissenberg number),
the viscosity , in Eq. (99) should be replaced by 2. For the material parameters of type-I fluid listed in
Table 1, this procedure resultsin " =0.05sat Y =10.0and ?=0.2sat 9 =40.0 kPa:s.

To assess transient stresses in shear flows with constant strain rates at an arbitrary , we integrate Egs. (82)

and (83) numerically with the initial conditions

O =1 pO =1 p3O=1 ©0)=0  O)=L

Integration is performed by the Runge-Kutta method with the time step ¢ = 1.0 - 10™* s at the shear rates
k=0.5,1.0,2.0,5.0 and 10.0 s~!. We use the same material constants that were employed in the analysis of
transient extensional flows of type-I and type-II polymer fluids (Table 1). The shear stress  and the normal
stress differences N1 and N, are determined by Egs. (84) and (85). The results of numerical simulation are
presented in Figs. 5 and 6, which demonstrate that the same qualitative conclusions may be drawn for type-I
and type-II polymers.

At small strain rates, the shear stress ~ monotonically grows to its steady-state value. At relatively large
strain rates,  increases with time, reaches its maximum, and decreases afterwards approaching its steady-
state value (stress overshoot). The intensity of stress overshoot increases with shear rate, whereas the instant
when the shear stress reaches its ultimate value decreases with k.

At relatively small shear rates, the first normal stress difference N| monotonically increases with time
and approaches its steady-state value. At sufficiently large strain rates, N1 demonstrates the stress overshoot
similar to that for the shear stress. However, the strain rates k, at which the overshoot of the first normal
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Fig. 5 The shear stress A and the first normal stress difference N| B versus time 7 in shear tests with the strain rates k = 0.5,
1.0, 2.0, 5.0 and 10.0 s~!, from bottom to top, respectively. Solid lines: type-I fluid. Dotted lines: type-1I fluid
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Fig. 6 The second normal stress difference N2 A and the dimensionless ratio A B versus time 7 in shear tests with the strain rates
k=0.5,1.0,2.0,5.0 and 10.0 s~!, from bottom to top, respectively. Solid lines: type-I fluid. Dotted lines: type-II fluid

stress difference becomes substantial exceed those at which the overshoot of the shear stress is first observed.
Another feature of the graphs depicted in Fig. 5 is that the overshoot of N occurs at times that are noticeably
higher than the instants when the shear stress reaches its maximum.

The curves depicted in Fig. 5 are qualitatively similar to experimental data on the transient shear stress
and the first normal stress difference observed in numerous experiments on polymer melts and solutions. The
dependence of the second normal stress difference on time (which cannot be measured directly in conventional
tests) is plotted in Fig 6A. According to this figure, at relatively large shear rates, stress overshoot can be
observed for N, as well. However, the intensity of overshoot for N, is substantially lower than that for Ny,
and the time at which the overshoot occurs is noticeably larger than the instant when the first normal stress
difference reaches its maximum. This conclusion distinguishes the present model from that developed in [10],
where it was found that the stress overshoot for N, occurred earlier than that for Ny, and its intensity was
comparable with the intensity of stress overshoot for shear stress.

The elongation ratio A is plotted versus time in Fig. 6B. At small shear rates, A monotonically increases
and approaches its ultimate value. At relatively large strain rates, A demonstrates an overshoot similar to the
overshoot for the first normal stress difference. Comparison of Figs. 2 and 6B reveals that the growth of the
elongation ratio A at uniaxial extension is stronger than that at simple shear with the same strain rate. This
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Fig. 7 The steady shear viscosity s A and the first normal stress coefficient | B versus shear rate k. Solid lines: type-I fluid.
Dotted lines: type-II fluid

conclusion is in agreement with the conventional standpoint that elongation of strands in extensional flows
substantially exceeds that in shear flows.

Figures 5 and 6 demonstrate that stress overshoots in , Ny and N, are more pronounced and occur
at earlier times for type-II fluid than for type-I fluid. However, no qualitative difference may be observed
between the results of numerical simulation with Egs. (45) and (46).

Figure 5 does not reveal how the steady shear viscosity and the first normal stress difference change with
strain rate. To analyze these dependencies, we present appropriate data in Fig. 7, where the steady shear
viscosity . and the steady first normal stress coefficient | = N /k? are depicted as functions of shear
rate k. Three conclusions may be drawn from the results depicted in Fig. 7: (i) at strain rates employed
in conventional shear tests, the steady shear viscosity ; and the steady first normal stress coefficient
decrease with k following the scaling laws § ~ k™% and | ~ k=% with the exponentsa = 1.2to 1.3 and
a = 1.6to 1.7, which are rather close to the valuesa = 0.9 anda = 1.5 observed in rheological tests on
entangled polymer solutions [34, 35], (ii) the same dependence ,(D;) in Eq. (45) implies the growth of the
steady elongational viscosity with strain rate in uniaxial extensional flow and the reduction of the steady shear
viscosity with strain rate in shear flow, and (iii) the decrease in steady shear viscosity and steady first normal
stress coefficient with shear rate is practically independent of the effect of strain-rate intensity on viscosity
in Egs. (45) and (46).

It is worth noting that the values of @ located in the interval from 1.2 to 1.3 are obtained for hypothetical
fluids with the parameters listed in Table 1. Approximations of observations on polymer melts result in slightly
different values of material parameters, which ensure the stability of shear flows. As the purpose of the present
study is to demonstrate the main features of the constitutive equations, not to fit concrete sets of experimental
data, we do not dwell on this issue.

For the sake of brevity, we do not present results of simulation with various values of . Our numerical
analysis shows that an increase in  results in the growth of stresses. This growth is, however, relatively weak:
when increases by an order of magnitude, the stresses grow by 10 to 15 per cent only.

An important conclusion that may be drawn from Figs. 1 and 5 is that observations in conventional exten-
sional and shear tests do not allow us to distinguish between Egs. (45) and (46) for the viscosity , of sliding
of junctions. Strain thickening in extensional flow and stress overshoot in shear flow are revealed within the
experimental time-scale for both phenomenological equations. To show which relation describes experimental
data more adequately, we proceed with the study of shear oscillations with large amplitudes.

6.2 Oscillations with large amplitudes

The time-dependent response of a polymer fluid is analyzed numerically in shear oscillatory tests with the
deformation program
k(t) = kosin(2m ft), (100)

where kg is the amplitude, f is the frequency of oscillations, and kg is of order of unity.
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Fig. 8 The shear stress  versus shear k in oscillatory tests with the frequency f = 0.05 Hz and the amplitudes ko = 1.0, 4.0,
8.0 and 12.0. Solid lines: type-I fluid. Dotted lines: type-II fluid

Experimental data in dynamic tests with large amplitudes are conventionally obtained after a steady regime
of oscillations is established. They are presented in two forms: (i) the shear stress  as a function of shear &
(the Lissajou figures), and (ii) the shear stress  as a function of shear rate k. Experimental curves demon-
strate the following features: (i) at relatively small amplitudes (when kg < 1), the curves (k) and (k) are
similar to ellipses, (ii) when kq exceeds unity, the ellipses are deformed, and two different regimes of oscilla-
tions are observed. The first regime corresponds to box-like dependencies (k), when the shape of the curve

(k) becomes analogous to a square with smooth edges [36]. The other regime corresponds to S-shaped de-
pendencies (k), when the shape of the curve (k) is similar to letter S with different curvatures of the upper
(loading) and lower (unloading) parts and rather sharp edges [37].

Our aim now is to show that the box-like Lissajou figures may be observed in shear oscillations with large
amplitudes for both types of polymer fluids, whereas the S-shaped dependence (k) is revealed for type-II
fluid only, i.e., for a polymer fluid whose viscosity , decreases with strain rate.

We begin with the analysis of Lissajou figures. For this purpose, we integrate Egs. (82) and (83) nu-
merically by the Runge-Kutta method with the time-step ¢ = 1.0 - 107* s. We set f = 0.05 Hz and
calculate the shear stress  from Eq. (84) at kp = 1.0, 4.0, 8.0 and 12.0. Numerical simulation is carried
out in the interval of time from zero to 1000 s. Within this interval, steady oscillations are established for
all amplitudes k¢ under investigation. The dependencies (k) corresponding to the last cycle of oscillations
are presented in Fig. 8. This figure shows that at kg = 1.0, the shape of the curves (k) is elliptic. With an
increase in kg, the ellipse is transformed into an oval (k9 = 4.0), and it becomes similar to a square with
smooth edges at kyp = 8.0 and 12.0. It is interesting to note that at relatively small amplitudes of oscilla-
tions (kg = 1.0 and 4.0), the difference between the curves (k) for type-I and type-II polymers is quite
pronounced: the stress amplitude for type-II fluid strongly exceeds that for type-I fluid. With an increase in
amplitude of oscillations, the difference between appropriate curves is reduced and it practically disappears at
ko = 12.0.

The dimensionless ratio A is plotted versus shear £ is Fig. 9. The curves A (k) have similar shapes and sizes
for both types of fluids. It is worth noting that the period of oscillations of A equals half of the period of shear
oscillations. This phenomenon is not observed in networks where slippage of strands along entanglements is
prevented, and it is associated with stretching of chains. The curves A(k) demonstrate a butterfly pattern for
both types of polymer fluids. The average (over a period) value of chain stretching A increases with amplitude
ko. The growth of the average ratio A with kg is more pronounced for type-II fluid.

Another important conclusion of the numerical simulation is that the evolution of shapes of the Lissajou
figures observed in Fig. 9 is mainly induced by slippage of chains with respect to entanglements. Although a
rigorous proof of this statement is rather complicated due to the nonlinearity of governing equations, this result
can be easily obtained from the comparison of the characteristic time ¢ = ;/u for stretching of chains with
the characteristic time for steady shear flow ,? given by Eq. (99). It follows from Table 1 that the parameter
equals 3.8 s and 6.0 s for type-I and type-II fluids, respectively, which implies that strong changes in the shape
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Fig. 9 The dimensionless ratio A versus shear £ in oscillatory tests with the frequency f = 0.05 Hz and the amplitudes kg = 1.0,
4.0, 8.0 and 12.0, from bottom to top, respectively. A type-I fluid; B type-II fluid
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Fig. 10 The shear stress  versus shear k in oscillatory tests with the frequency f = 10.0 Hz and the amplitudes ky = 1.0, 4.0,
8.0 and 12.0. Solid lines: type-I fluid. Dotted lines: type-II fluid

of the curves (k) induced by stretching of chains may be expected at the frequencies fy; = 1/(2m ) of order
of 0.03 to 0.04 Hz (which are quite close to the frequency f = 0.05 Hz employed in the numerical analysis).
On the other hand, for non-affine networks without slippage of chains, a noticeable dependence of the curves

(k) on amplitude of oscillations should be expected at the frequency f, = 1/2n ,?). Equation (99) together
with Table 1 implies that for type-I fluid, f,, is about 3 Hz. Figure 10 demonstrates that at this frequency of
oscillations, the curves (k) remain elliptic at all amplitudes kg, whereas an increase in kg causes mainly
clock-wise rotation of the ellipses with respect to coordinate axes.

To reveal the difference between the response of type-I and type-II fluids in shear oscillatory tests, we
perform numerical integration of Egs. (82), (83) and (100) with the frequencies f = 0.08 Hz (type-I polymer)
and f = 0.003 Hz (type-II polymer), calculate the shear stress from Eq. (84), and plot  as a function of
strain rate k in Figs. 11 and 12, respectively. Figure 11 demonstrates that for type-I fluid, the curve (k) is
elliptic when the amplitude ko equals unity. With an increase in ko, the ellipse is transformed into an oval
(ko = 5.0), and, at higher amplitudes k9 = 10.0 and 15.0, it adopts a rhomboidal shape with relatively sharp
edges directed up. The large axis of symmetry of the curves (k) strongly rotates clock-wise with the growth
of amplitude of oscillations. According to Fig. 12, for type-II fluid, the curve (k) is elliptical at kg = 1.0.
With the growth of ko, this curve accepts the S-shaped form with very sharp edges, while the large axis of
symmetry remains independent of amplitude.
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Fig. 11 The shear stress  versus shear rate & in oscillatory tests on type-I fluid with the frequency f = 0.08 Hz and the
amplitudes ko = 1.0, 5.0, 10.0 and 15.0, from the inner to the outer curve, respectively
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Fig. 12 The shear stress  versus shear rate & in oscillatory tests on type-II fluid with the frequency f = 0.003 Hz and the
amplitudes k9 = 1.0, 5.0 and 10.0, from the inner to the outer curve, respectively

The ratio A that characterizes slippage of chains with respect to entanglements is plotted versus shear
rate k in Fig. 13. For type-I fluid, the curves A(k) demonstrate a butterfly-like shape. The average value of
A strongly grows with amplitude of oscillations. For type-II fluid, the curves A (k) show a rabbit-ears shape,
where length of the “ears” increases with kg. For both types of fluids, the period of oscillations for A equals
half of the period of shear oscillations.

6.3 Oscillations with small amplitudes

Our aim now is to analyze shear oscillations with small strains, when the governing equations may be lin-
earized. For this purpose, we set

pm=1+4 pmt.... = +..., =1+ 4. (m=1273), (101)
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Fig. 13 The dimensionless ratio A versus strain rate k in shear oscillatory tests with the amplitudes ko = 1.0, 5.0 and 10.0, from
bottom to top, respectively. A type-I fluid, f = 0.08 Hz. B type-II fluid, f = 0.003 Hz

substitute expressions (101) into governing equations, and neglect terms of the second order of smallness

comparedto | pul|,| |and| |. It follows from Egs. (82), (83) and (101) that
d p1 I
=—2 — _ ,
7 3 2( pr— p2— p3)
d p2 I
= (- 2 — , 102
7 32( p1+2 pp— p3) (102)
d p3 I
=—"—(— p1— 2 p3),
7 3 2( p1— p2+2 p3)
d " 2
7R 2+3 2 +1) +§( pi+ p2+ p3)|, (103)
s
L _a- )%k (104)
e a9
Summing Eq. (102), we find that
d
— =0.
dt( pi+ p2+ p3)
As the expression in parentheses equals zero at the initial instant # = 0, it vanishes at any ¢+ > 0. This

conclusion together with Eq. (103) implies that

d _ K
T S(2+3 2 +1)

It follows from this equation and the initial condition ~ (0) = O that (¢) = 0 at any ¢ > 0. This means that
stretching of strands in a non-affine network is a second-order effect, which is not observed at small strains.
Substitution of expressions (101) into Eq. (84) implies that with the required level of accuracy,

=pnl-") . (105)
Equations (104) and (105) result in the linear differential equation (the Maxwell model) for the shear stress

2k

ar Tt dt

(106)

d 2
—2 =pu(l—)
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To calculate the storage and loss moduli, we set k(#) = koexp(z t), where kg is a small amplitude, is a
radial frequency, and 1 = +/—1. We search a solution of Eq. (106) in the form (1) = G*( )koexp(t 1),
where G* is the complex modulus. Substitution of these expressions into Eq. (106) results in

—1
G*()=u(l— ) (%Jrz ) .

n

Bearing in mind that G* = G’ +1G”, where G’ is the storage modulus, and G” is the loss modulus, we find

that
2 -1 2 —1
G'()=nl— ) 2[(%) + 2} L GO =p(— 2L [(%) + 2} . o7)

It follows from Eq. (107) that at large frequencies, when = — 00, the storage modulus tends to a constant,
whereas the loss modulus vanishes,

G'(00) = u(l — )2, G"(c0) =0. (108)

Formulas (108) for the storage and loss moduli at high-frequency oscillations have been found at small strains.
Our aim now is to modify Eq. (108) for high-frequency oscillations with a finite amplitude kg.

6.4 High-frequency oscillations with large amplitudes

For this purpose, an averaging method is applied to Egs. (82) and (83), which are presented in the form

dpi

o= @ P -Gt 2)P),

dp>

= H(=pi+2p—p3+2( 1+ 2)7),

dps

o= P (= pim A2 -G )Y, (109)
d »

== (1t ) 25pi+205 — 34201+ 2)).

d o 2o 2 6 -3

=M ?(p1+p2+p3+(1+ D) =1+ (- ">,

d

dt’l = (1— )prkgcost’. (110)

To deduce Eqgs. (109) and (110), we employed Eq. (100) with = 2xf, set
= 1+ 2, (111)

where 1 is a “fast” variable, and 5 is a “slow” variable, introduce the dimensionless time

and assume that

6
is a small parameter. To simplify the analysis, we replace the function 6 ,/ ; by its average value M and
suppose that the coefficient M is of order of unity. It should be noted that the assumption < 1 does not
lead to unrealistic frequencies of oscillations. For the material parameters listed in Table 1, this condition is
satisfied when > 10 rad/s.

First, we find the solution of Eq. (110) for the fast variable | treating p; as a parameter. Taking into
account the initial condition 1(0) = 0, we obtain

(¢ = (1 — dkopasint'. (112)
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We now substitute expression (112) into Eq. (109) for slow variables and perform averaging of the right-hand
sides over ¢/, where the unknown p,, (m = 1,2,3), ;and are thought of as constants. Using the formulas

1 2w 1 2w 1

_ / dt/ — - [ (t/) + ]Zdt/ — _(1 _ )2k + 2
2y [ 1)+ 2] S A 2 5 2p3+ 3
R R ORI S
7 ) 1 2 ) oP2 2 25

we arrive at the differential equations

dpi 1

=P 2<2p%—p%(1+§(1— >2k3)—p§— %)

dp> 2 2 2 1 2,2 2 2

dt,:_PZ —pi +2p5 1+§(1_ Yky)—p5+2 7)),

dp3 1

= 2<—p%—p%(1+5(1— )2k§)+2p§— %) (113)
d >

Qo [(5P1+2P2 ) (31— kg ps +2 )] 2

d 2 1 6 —
=M |:<?<p%+p§(l+z(l— )2k3>+p§+ %)—1)+ (a1- -° 3)}

To study steady oscillations, we suppose that the functions p,,(+') (m = 1,2,3), 2(¢') and (¢) approach
their limiting values pn0, 20 and ¢ ast’ — oo. These quantities satisfy the equations

2pT) — P3o (1 + %(1 - )2k(2)> —p3o— 50 =0.

(1 + ;(1 - )2k§> —pl+2 3 =0,

~Pto— P (1 + 1(1 - )Zk%) +2p% — 3 =0. (114)
[(5pT0 +2P30 — P0) + (3(1 — Y’kip3o+2 30)] 20 =0,

?g [Plzo‘i'l’zo (1 + 5(1 - )2k8) + P+ %0] =1- (1-¢°7).

Subtracting the third equality in Eq. (114) from the first one, we obtain

P = Plo. (115)
Substitution of Eq. (115) into the fourth equation in Eq. (114) results in
[2(2p%0 + p30) + (31 = Vkgpo +2 3)] 20 =0.
This equation implies that
20 = 0. (116)
Substitution of expressions (115) and (116) into the first equality in Eq. (114) results in

1
Plo = P (1 + 5(1 - )2"3) . (117)
It follows from Eq. (113) that for any > 0,

P p2()p3() = 1.
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Setting ¢ — oo in this equality and using Egs. (115) and (117), we find that

p20 = [1+%(1— wg}_ﬁ. (118)

The last equation in Eq. (114) together with Egs. (115) to (118) implies that

2

§[1+%(1— )zkg]3 —1— (1- 5°73). (119)

It follows from Egs. (84), (111) and (116) that at steady shear oscillations with finite amplitudes and high
frequencies
(1) = u(l = )pao § 1(0).
Combining this equality with Egs. (112) and (118) and introducing the storage shear modulus g(kp) =
(t)/k(t), we find that 1
3

1
g(ko) = G'(00) 3[1+5(1— )%ﬂ : (120)

where o is given by Eq. (119). It is of interest to consider two limiting cases, when — Oand — oo. At
<« 1, the second term on the right-hand side of Eq. (119) may be neglected, which implies that

2= [1 + %(1 — )%3}

Wl

and
1-1

T
g(ko) = G'(00) | 1+ (1 = )?kd ( <. (121)

At > 1, the solution of Eq. (119) reads ¢ = 1, which means that

i 1
glko) = G'(00) | 1+ 5(1 = )2k3 ( > 1. (122)

W=

To assess the decrease in the modulus g with amplitude ko for an arbitrary , we solve Eq. (119) numerically
by the Newton method with 20 iterations and calculate the ratio

8 (ko)
Rko) = =
G'(o0)
from Eq. (120). The function R (ko) is plotted in Fig. 14 for = 1073, 1072, 107!, 1, 10 and 100 (the
dependencies R (ko) determined for = 10"*and = 10? coincide with the lower and upper curves in this

figure). The results of numerical analysis show that (i) given a parameter , the modulus g monotonically
decreases with amplitude of oscillations, and (ii) for a fixed amplitude kg, it monotonically increases with the
ratio of elastic moduli

The reduction of the storage modulus with amplitude of oscillations has been observed experimentally
in the 60s on carbon black-reinforced rubbers, and it is traditionally called the Payne effect, see [38] for a
historical survey. To explain this phenomenon (observed in cross-linked as well as non-cross-linked polymer
networks [39]), two mechanisms at the micro-level are introduced: (i) de-agglomeration of filler clusters,
breakdown of a secondary network of filler, and stress-induced de-bonding of chains from filler particles [38],
and (ii) nonlinear viscoelastic coupling between the flows of filler particles and the polymer matrix [39]. With
reference to the later hypothesis, Eqs. (119) and (120) may be applied to assess the effect of the viscoelastic
behavior of the host matrix on the evolution of the storage modulus with strain amplitude.

The conventional Kraus model [38] for the effect of amplitude of oscillations on the storage modulus
of particle-reinforced polymer melts (where the plateau elastic modulus may be disregarded) provides the

following estimate for the ratio R:
k om 1
0
Riko) = [1+ (—) } , (123)
ks
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Fig. 14 The dimensionless ratio R versus amplitude ko of high-frequency shear oscillations for = 1073, 1072, 1071, 1, 10

and 100, from bottom to top, respectively

where k, is some critical amplitude, and m 0 is an adjustable parameter. Approximation of numerous
experimental data, as well as fractal models for breakdown of filler clusters result in the same value of the
exponent m =~ 0.6, see [38]. It is worth to mention that at large amplitudes of oscill%tions, when ko > 1,

Eq. (123) with m = 0.6 and our Eq. (122) imply the same scaling behavior R ~ ko_ 3. The latter confirms
the importance of the account for the volumetric elastic energy (28) in the analysis of finite deformations of
polymer fluids.

7 Concluding remarks

A novel constitutive model has been derived for polymer fluids. A polymer is treated as a network of chains
linked by junctions (entanglements). Deformation of the network induces two processes at the micro-level:
(1) sliding of junctions with respect to their reference positions in the bulk medium, and (ii) slippage of chains
with respect to entanglements. The following kinematic hypotheses are introduced regarding these processes:
(i) the vorticity tensor for sliding of junctions coincides with that for macro-deformation, and (ii) slippage
of chains with respect to entanglements does not change the direction of end-to-end vectors of appropriate
strands.

Constitutive equations for a non-affine polymer network are developed by using the laws of thermody-
namics (which implies that the governing equations belong to the class of models with strain-dependent chain
stretch according to the classification of [15]). It is presumed that the strain energy density of a network
consists of two parts: (i) a conventional entropic strain energy associated with (a) a decrease in entropy of
non-interacting Gaussian strands driven by their elongation and (b) an increase in entropy of the ensemble
induced by its delation, and (ii) an elastic strain energy of interaction between strands described by the gen-
eral Blatz—Ko formula. Internal dissipation of energy in the network is treated as the sum of conventional
dissipative terms (quadratic with respect to appropriate rate-of-strain tensors) for sliding of junctions and
elongation of strands. Governing equations for an arbitrary three-dimensional deformation with finite strains
involve eight material parameters that have transparent physical meaning.

Two types of polymer fluids are analyzed. For type-I fluids, the viscosity of sliding of junctions increases
with strain rate, whereas for type-II fluids, the growth of strain-rate intensity results in a decrease in the
viscosity. The difference between these types of polymers may be observed in extensional flows, where the
steady elongational viscosity increases with strain rate for type-I fluids and decreases for type-II fluids.

The constitutive equations are applied to the study of the time-dependent response of polymers in exten-
sional and shear flows. For uniaxial extensional flows, explicit formulas are derived for steady elongational
viscosity. Evolution of the transient viscosity in start-up tests and stress relaxation in relaxation tests are
analyzed numerically. It is revealed that the account of slippage of chains with respect to entanglements
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is important for modeling: in transient extensional tests, the elongation ratio of strands increases by several
times. Other conclusions of the numerical simulation are that the model implies a strongly non-exponential re-
sponse in relaxation tests, and that the time—strain correspondence principle is inapplicable to the constitutive
equations.

For shear flows, analytical expressions are developed for the steady shear viscosity and the first and second
normal stress differences. It is demonstrated that the steady shear viscosity decreases with shear rate both for
type-I and type-II fluids. The steady stretch of strands increases with strain rate, but not so pronouncedly as
in extensional flows. The transient response in shear tests is analyzed numerically. It is found that the shear
stress and the normal stress differences grow monotonically with time to their ultimate values at relatively
small shear rates. With an increase in strain rate, their behavior becomes non-monotonic: the shear stress
and the normal stress differences demonstrate overshoots, whose intensities grow with shear rate. In accord
with observations, it is shown that the maximum of the shear stress occurs earlier than the first normal stress
difference reaches its maximum value.

Explicit expressions are developed for the storage and loss moduli as functions of frequency in dynamic
tests with small amplitudes. It is demonstrated that slippage of chains with respect to entanglements is a
second-order effect: this phenomenon does not affect the time-dependent response of a network at small
strains. In the latter case, the constitutive equations are reduced to the conventional Maxwell model.

Shear oscillations with large amplitudes are studied analytically and numerically. It is shown that the
steady periodic response of type-I and type-II fluids is qualitatively different. For type-I fluids, with an increase
in amplitude of oscillations, the shape of the graph of shear stress versus shear rate changes from an ellipse to
an oval and to a rhomboidal curve with relatively smooth edges. For type-II fluids, the growth of the amplitude
of oscillations results in transformation of the graph of the shear stress as a function of shear rate from an
ellipse to an S-shaped curve with sharp edges. These changes are mainly caused by slippage of chains with
respect to entanglements. The dependence of elongation of strands on shear rate reveals a butterfly pattern for
type-I fluids and a rabbit-ears pattern for type-II fluids. The frequency of oscillations in the ratio A equals the
double frequency of macro-deformation.

For high-frequency oscillations with large amplitudes, analytical expressions are derived for the storage
modulus. These formulas are similar to the Kraus equation for the Payne effect in filled elastomers, but are
grounded on a different physical model. It is demonstrated that the account of elastic interactions between

strands is substantial: when these interactions are disregarded, the storage modulus decreases as k; 2, where
ko is the amplitude of oscillations, whereas the presence of an elastic contribution into the strain energy
density reduces the scaling exponent to — % , the value confirmed by numerous observations.
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Abstract. — Calorimetric studies of the crystallization behavior of physically and chemically
crosslinked semicrystalline polymer, polydimethylsiloxane (PDMS) are presented. Physical
crosslinks are introduced either via entanglements in high-molecular-weight PDMS, or by an-
choring chain ends to rigid polyethylene oxide (PEO) endblocks in a PEO-b-PDMS-b-PEO
triblock copolymer. Chemical end-linking of di-vinyl PDMS chains results in the formation
of a crosslinked network. Comparison of the thermograms obtained for each of these systems
at constant cooling/heating rates with their noncrosslinked analogues indicates that, contrary
to conventional wisdom, the different types of crosslinks result in an increased crystallization
tendency. We suggest that this effect is a manifestation of the enhancement of local ordering
together with reduced dynamics as compared to the non-crosslinked melt.

The effect of topological and geometrical constraints such as transient entanglements,
chemical and physical crosslinks on the crystallization of polymers from the melt is practically
important and scientifically interesting. It is well known that polymer crystallization upon
cooling of a melt is controlled by kinetic considerations [1,2]. In the framework of the classical
crystallographic models, the presence of constraints that reduce the mobility of the chains
should lead to a reduction in the crystallization rate and result in a lower degree of crystallinity
at a given cooling rate. Yet, experimental findings suggest that in several cases crystallization
from the entangled melt is more efficient than that from the non-entangled analogue [3].

Recently, a conceptually different mechanism of “spinodal-like” crystallization was sug-
gested [4-7]. In the framework of this model, crystallization is expected to occur via the
evolution of correlated density and structural fluctuations. The process is cooperative, and
crystallization proceeds via a preordered granular crystalline mesophase. These ideas have
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Fig. 1 — A schematic representation of a) entangled melt of polymers; b) a chemically crosslinked
network of polymers; c) a triblock copolymer a-b-a where the two edge blocks are glassy at room
temperature.

been supported by experimental observations [6,7]. According to these concepts, regions that
exhibit local ordering may facilitate the crystallization.

While geometrical and topological constraints are known to affect the dynamics of a melt [8,
9], it was suggested more recently that constraints can also lead to local ordering in globally
amorphous polymer melts [10-13]. Rheological [9,14], neutron scattering [15] and nuclear
magnetic resonance (NMR) spectroscopy [16-18] approaches have been used to investigate
these effects experimentally.

In this study we investigate the effect of topological and geometrical constraints on the
crystallization of a simple semicrystalline polymer, polydimethylsiloxane, PDMS. Three types
of crosslinks are examined: entanglements in PDMS homopolymers, endblocks which confine
the central PDMS block in polyethyleneoxide-b-PDMS-b-polyethyleneoxide (PEO-b-PDMS-b-
PEO) and chemical crosslinking of PDMS (fig. 1).

Differential-scanning calorimetry (DSC), which records heat flux changes as a function of
time [19, 20], was used to follow the thermal behavior and in particular the crystallization
kinetics of the different systems. Unless otherwise noted, experiments were carried at fixed
cooling/heating rates of 3 = £5 K min—!. All data are normalized with respect to the weight
fraction of the corresponding type of polymer (PDMS or PEO).

PDMS samples: 5000 g mol~! (United Chemical Technologies, denoted PDMS 5k), PDMS
16000 gmol~! (PDMS 16k), PDMS 100000 gmol~! (PDMS 100k) were prepared by living
anionic polymerization. PDMS 5k was end-linked, following Adam et al. [21], and is denoted
x-PDMS 5k. The symmetric PEO-b-PDMS-6-PEO triblock copolymer was synthesized by
Zhang [22]. The molecular weight of the PDMS center block is 12000 g mol~!, the PEO fraction
is 25% corresponding to a molecular weight of 2000 gmol~! per PEO block. PEO/PDMS
blends were prepared by mixing PDMS 12k (UTC) and PEO 2k (Clariant AG) at 100°C.
The weight fraction of PEO in the blend is similar to that in the triblock copolymer (at room
temperature the blend is in the two-phase regime).

A thermogram of PDMS 16k is presented in fig. 2 [8]. We regard PDMS 16k as effectively
unentangled [8]. In agreement with other studies (for example, [23]) we find that following
a cooling rate of 3 = —5Kmin~! the DSC thermograms of linear PDMS 16k exhibit upon
heating a glass transition, T,, and a complex melting pattern, particularly typical double
melting peaks [24].

In this study we used three features as (dependent) markers for probing the crystallization
behavior of PDMS: the presence (or absence) of the exothermal peak appearing during the
cooling cycle, Ty, and the value of AH., the phase transition enthalpy related to the cold
crystallization process.

We observed that linear non-entangled PDMS does not crystallize during the cooling se-
quence at cooling rates as low as 3 = —1 Kmin~! [25]. Upon heating, the polymer crystallizes
at Tt due to the reduction of melt viscosity. The latter enables chain rearrangements and leads
to crystallization from the amorphous phase [2].
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Fig. 2~ DSC thermograms of pure PDMS 16k, measured at a cooling/heating rate of 8 = 5 Kmin™".
The dashed line is a cooling curve, the solid line a heating curve: a) first run; b) subsequent run. In
the cooling curve we observe an exothermal peak T. and a glass transition at Ty (T, = —127.9°C,
Acp, =0.19J g™ ! Kil). In the heating curve we observe a glass transition, 7T}, an exothermic peak, the
so-called cold crystallization, T, (Tc = —98.5°C, AH. = +22.5Jg71), two melting peaks, Tm1 (@)
(Tw1 = 50.5°C, AHm1 = —4.1Jg™ ") and Tz (¢) (Tm2 = 34.0°C, AHme = —31.0Jg™ %), and a
recrystallization exotherm, T.* (b) (T.* = —47.4°C, AHr,» = +2.2Jg™ ).

At a cooling rate f = —5 Kmin~!, PDMS 100k and x-PDMS 5k exhibit a sharp crystal-
lization peak during the cooling scan (figs. 3a and b, respectively) while the non-entangled
PDMS 5k (fig. 3¢ and table I) and PDMS 16k (fig. 2) do not. The heating curve of PDMS 5k is
very similar to that of PDMS 16k (fig. 2). For both PDMS 100k and x-PDMS 5k, substantial
crystallization takes place during cooling, suggesting a higher crystallization rate than that
of PDMS 5k. Note that for PDMS 100k the presence of a shallow peak in the heating curve
indicates that crystallization is not completed during cooling. The melting sequence of the
crosslinked PDMS displays only a single melting peak: We suggest that due to the inability
of crosslinks to crystallize, the distance between adjacent crosslinks determines the thickness
of the crystalline lamellae and prevents rearrangements and crystallite thickening.

The thermal behavior of PDMS segments was also examined in three symmetric PEO-
b-PDMS-b-PEO systems with 12000 g mol~* PDMS center blocks and terminal PEO blocks

TABLE I — Numerical values of thermal transitions obtained by DSC for the PEO block as (temperatures
in celsius) endblock in PEO-b-PDMS-b-PEQ triblock copolymers (top); in PDMS/PEQ polymer blends
(bottom).

cooling T. = —28.8

PEO blocks curve AHr, = +85Jg7!

in triblocks heating Te non Tm1 = +48.3
curve AHr, non AHrm = —13.4Jg_1
cooling T = 4378

PEO in curve AHr, =+101Jg™!

blend heating Te n.o. Tm1 = +52.6

curve AHr, n.o. Hrm = —13.4Jg*1
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Fig. 3 - DSC thermograms of PDMS measured at a cooling/heating rate of 8 = +5 Kmin~'. a) PDMS
100k. b) Crosslinked polymer, x-PDMS 5k. ¢) The non-crosslinked precursor, PDMS 5k.

Fig. 4 — DSC thermograms measured at a cooling/heating rate of § = +5 Kmin™'. a) 2k-12k-2k
triblock copolymer (see numerical data in table IT). b) A blend of PDMS 12k/PEO 2k with 28% weight
fraction of PEO (table III). ¢) DSC thermogram of the 2k-12k-2k triblock copolymer measured at a
heating rate of 3 = +5K min~* following quench cooling in liquid nitrogen.

of different chain length (550 gmol~!, 2000 g mol~!, 5000 gmol~!). While the thermograms
differed with regard to the PEO behavior, the thermal features of the PDMS block were
similar. Here we focus on the 2k-12k-2k triblock copolymer. Numerical data are summarized
in tables II and III. Figure 4a shows that the PDMS blocks crystallize readily under the
applied cooling conditions. A blend of PDMS 12k/PEO 2k with a weight fraction of PEO
equal to the one present in the triblock copolymer (28%) was used as a reference, fig. 4b.
The thermogram of the PDMS/PEO blend is a simple superposition of the DSC curves of
the respective pure homopolymers indicating the absence of significant interactions between
PEO and PDMS. In particular, PDMS does not crystallize during the cooling scan at a cooling

TABLE II — Numerical values of thermal transitions obtained by DSC for the PDMS block as (tem-
peratures in celsius) center block in PEO-b-PDMS-b-PEO triblock copolymer (top); in PDMS/PEQ
polymer blends (bottom).

PDMS cooling Tg n.o. T, = —72.5

blocks in curve Acp n.o. AHr, =

triblocks +25.5Jg ¢
heating T, n.o. T. n.o. Tm1 = —42.9 T.* n.o. T2 n.o.
curve Acp n.o. AHr, n.o. AHrm = AHTC* n.o. AHpme n.o.

—27.7Jg" !

cooling Ty = —126.0

PDMS curve Acp n.o.

in blend
heating Ty = —128.0 T. = —94.3 Tm1 = —50.6 T." = —48.2 Tme = —39.4
curve Acp = AHr, = AHrm, = AHp o« = AHrgmo =

0.33Jg 'K~! +252Jg! —14.1Jg7! +1.8Jg ! -264Jg7!
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TABLE III — Numerical values of thermal transitions obtained by DSC for the PEO block as (tempera-
tures in celcius) endblock in PEO-b-PDMS-b-PEO triblock copolymers (top); in PDMS/PEO polymer
blends (bottom).

cooling T. = —28.8

PEO blocks curve AHr, =+85Jg™!

in triblocks heating T n.o. T = +48.3
curve AHrt, n.o. AHrm=—13.4 Jgf1
cooling T. = 4378
curve AHr, = +10.1 Jg*1

. heating T. n.o. Tm1 = +52.6
PEO in blend curve AHrt, n.o. Hrm = —13.4Jg*1

rate of 3 = —5 Kmin~'. Unlike the blend, PEO-b-PDMS-b-PEO exhibits two fairly sharp DSC
features in the cooling scan, the crystallization exotherms of PEO and PDMS. In the heating
scan neither a glass transition nor cold crystallization could be determined, but one melting
peak for PDMS and one melting peak for PEO were observed.

Comparison of the corresponding thermograms suggests that while linear PDMS does not
crystallize during the cooling scan down to a rate of 3 = —1Kmin~!, PEO-b-PDMS-b-PEO
crystallizes readily at a cooling rate of 3 = —5 Kmin~!. The heating run after quench cooling
(in liquid nitrogen), fig. 4c, shows that the crystallization process of the PDMS block in the
block-copolymer, can be suppressed under these conditions leading to vitrification of PDMS.
Note that the crystallization of the PEO block in the triblock-copolymer is affected as well:
During the cooling cycle the PEO block crystallizes at a lower temperature than in the blend.
Yet, the degree of crystallization is greatly enhanced in the block copolymer as manifested by
the magnitude of the crystallization and melting peaks (fig. 4, tables II, III).

The observation that topological and geometrical constraints enhance the crystallization
rate of PDMS melts, may seem surprising at first sight, as constraints are believed to inter-
fere with the crystallization process. However, polymer crystallization may be viewed as an
ordering transition in which a small set of conformations becomes energetically favored, due
to enthalpic considerations, leading to a severe reduction in conformational entropy. When
crystallization is induced by rapid cooling the flexibility of the chains seriously diminishes,
and the chains can only attain a limited ensemble of conformations separated by low acti-
vation energy barriers, rather than those of the lowest free energy. Thus, vitrification often
dominates over crystallization. When the polymer melt is cooled at a slow enough rate, the
probability of adopting the lowest-energy conformational state is increased, and some of the
material can crystallize. If locally ordered regions are present in the melt, at elevated tem-
peratures, the conformational space available to the melt chains is already reduced. While
the specific type of order may not be that of the crystalline structure, the reduction in the
total number of available conformations increases the probability of occupying the subset of
conformations relevant to crystallizations. As long as the sub-set of conformations which lead
to crystallization is not excluded, local ordering is expected to enhance crystallization. The
elevated temperatures allow the system to span the reduced conformational space, and adopt
the favored configurations over a shorter time period. In the case of PDMS, it may even be
that the local organization of chains is lamellae-like resulting in a more specific enhancement
of crystallization. This statement agrees with the key idea of the spinodal-like approach to
polymer crystallization [4,5].

In the following we discuss in detail the nature of the different constraints investigated
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Fig. 5 — A schematic description of chain segments between two adjacent crosslinks.

in this study. Entanglements are topological constraints to chain dynamics that originate
from intermolecular excluded-volume interactions [8,9]. Entanglements affect the mechanical
properties [8,14] as well as the microscopic structure of amorphous polymers in the melt [16—
18]. The reduction of the number of accessible conformations in entangled polymer melts
and in chemically crosslinked networks leads to the loss of isotropic translational motion, as
presented schematically in fig. 5. Indeed, the degree of local ordering can be quantified on
different time scales by various NMR techniques, using the concept of local dynamic order
parameter [16,26,27], defined as S;(t) = 3(3cos?6(t) — 1), where 6(t) describes the angle
between a local chain axis and the director.

Rigid endblocks in heterogeneous triblock copolymers are another type of physical cross-
links. They result from the formation of nanodomains with different solidification tempera-
tures [28]. In PEO-b-PDMS-b-PEO both chain ends of the flexible PDMS block are anchored
to rigid, glassy PEO blocks. Similar triblock copolymers were studied before by calorimetric
techniques, yet not with respect to local ordering [29]. It was observed experimentally by
Frederickson et al. [30] and later on by simulations [10,11] that in such systems elongated
chain conformations are favored. Indeed, recent NMR investigations on amorphous PS-b-
PB-b-PS triblock copolymers revealed that local order in heterogeneous block copolymers is
considerably larger and longer-lived than what is found in entangled homopolymer melts.
Order parameters are increased by 150% for diblock copolymers and even 200% for triblock
copolymers [26]. These findings were taken as evidence for considerable stabilization of the
nanoscopic order.

In this study we show that the PDMS moiety in triblock copolymers crystallizes much more
easily than in the blend. We suggest that this may be related to preordering of the triblock
copolymer chains while still in the molten state, according to the scenario described above, in
agreement with recent findings [31,32]. Similarly, Hsu et al. [33] described the facilitation of
structural evolution during crystallization by strongly interacting chains.

To conclude, we observed that crystallization is significantly enhanced by the presence of
different types of crosslinks. We attribute the findings to substantial local chain ordering in the
melt that facilitates conformational rearrangements necessary for crystallization. Although
the origin of chain ordering for each of the different types of crosslinks might differ in detail,
the outcome is similar.

* % %

We thank Z.-R. ZHANG, T. WAGNER and Y. YAGEN for their help. The PEO 2k was
kindly provided by Clariant AG. TD acknowledges the MINERVA foundation, and thanks
M. WILHELM for his support. RY-R and MG gratefully acknowledge the BSF Foundation
grant no. 2000124.



396 EUROPHYSICS LETTERS

REFERENCES

[1] ArmiSTEAD K. and GOLDBECK-WOoOOD G., Adv. Polym. Sci., 100 (1992) 219.

[2] MANDELKERN L., in Crystallization of Polymers (McGraw Hill, New York) 1994.

[3] EBENGOU R. H. and COHEN-ADDAD J. P., Polymer, 35 (1994) 2962.

[4] Heck B., HuGeL T., IiMA M. and STROBL G., Polymer, 41 (2000) 8839.

[5] STROBL G., Eur. Phys. J. E, 3 (2000) 165.

[6] TERRILL N. J., FAIRCLOUGH P. A., TOWNs-ANDREWS E., KOMANSCHEK B. U., YOouNG R. J.
and RyaN A. J., Polymer, 39 (1998) 2381.

[7] OrLMmsTED P. D., PooN W. C. K., McLEisH T. C. B., TERRILL N. J. and RYAN A. J., Phys.
Rev. Lett., 81 (1998) 373.

[8] FERRY J. D., Viscoelastic Properties of Polymers, 3rd edition (Wiley, New York) 1980.

[9] GRAESSLEY W. W., Adv. Polym. Sci., 47 (1982) 67.

[10] BINDER K. and FRIED H., Macromolecules, 26 (1993) 6878.

[11] MurAT M., GREST G. S. and KREMER K., Macromolecules, 32 (1999) 595.

[12] BASCHNAGEL J. and BINDER K., Macromolecules, 28 (1995) 6808.

[13] STARR F. W., SCHRODER T. B. and GLOTZER S. C., Phys. Rev. E., 64 (2001) 051503-1.

[14] FeTTERS L. J., LosHE D. J. and GRAESSLEY W. W., J. Polym. Sci. Part B. Polym. Phys.,
37 (1999) 1023.

[15] RATHGEBER S., WILLNER L., RICHTER D., BRULET A., FARAGO B., APPEL M. and FLEISCHER
G., J. Chem. Phys., 110 (1999) 10171.

[16] COHEN-ADDAD J. P., J. Chem. Phys., 63 (1975) 4880.

[17] ENcGLIsH A. D., INGLEFIELD P. T., JONES A. A. and ZHU Y., Polymer, 39 (1998) 309.

[18] GRAF R., RHEUER A. and SpiEss H. W., Phys. Rev. Lett., 80 (1998) 5738.

[19] MatHOD V. F. (Editor), Calorimetry and Thermal Analysis of Polymers (C. Hanser, Munich)
1994.

[20] We used a Mettler Toledo Thermal Analysis System TA8000.

[21] ApaMm M., LAREZ D., KARPASAs M. and GOTTLIEB M., Macromolecules, 30 (1997) 5920.

[22] ZuANG Z.-R. and GOTTLIEB M., to be published.

[23] ARANGUREN M. 1., Polymer, 39 (1998) 4879.

[24] Lw S. L., CHunG T. S., Oikawa H. and YAMAGUCHI A., J. Polym. Sci., Part B. Polym.
Phys., 38 (2000) 3018.

[25] The effect of the cooling rate on the crystallization of PDMS was investigated in a different
study (DOLLASE T. et al., Effect of interfaces on the crystallization behavior of PDMS, to be
published in Interface Science). We found that under isothermal conditions crystallization is
observed at T' < —60°C.

[26] DoLLASE T., GRAF R., HEUER A. and SPIESS H. W., Macromolecules, 34 (2001) 298.

[27] DeEMco D. E., HAFNER S., FULBER C., GRAF R. and Spiess H. W., J. Chem. Phys., 105
(1996) 11285.

[28] BATEs F. S., Science, 251 (1991) 898.

[29] SHIN H.-Y., Kuo W. F., PEARCE E. M. and KwEer T. K., Polym. Adv. Tech., 6 (1995) 413.

[30] ALmDAL K., ROSEDAKE J. H., BATES F. S., WIGNALL G. D. and FREDERICKSON G. H., Phys.
Rev. Lett., 65 (1990) 1112.

[31] Zuu L. et al., Macromolecules, 34 (2001) 1244.

[32] CHEN H.-L., Hsiao S.-C., LiNn T.-L., YamaucH! K., HaseGawa H. and HasHimMoTO T\,
Macromolecules, 34 (2001) 671.

[33] HEINTZ A. M., to be published in Macromolecules, 35 (2002).



JOURNAL OF IMAGING SCIENCE AND TECHNOLOGY® - Volume 48, Number 4, July/August 2004

The Importance of Liquid Compressibility in Calculations of Fluid
Dynamics Inside a DOD Piezoelectric Ink Jet Nozzle

E. Magen and M. Gottlieb*

Chemical Engineering Department, Ben Gurion University of the Negev, Beer Sheva, /srae/

This study is aimed at determining the effect of the minute liquid compressibility on the flow of ink in a piezo-diaphragm driven
Drop-On-Demand (DOD) ink jet nozzle. This goal is achieved by a comparison between the results obtained numerically for
compressible and incompressible flows by means of Computational Fluid Dynamics calculations. In these calculations the exact
geometry of the entire flow channel is modeled. Significant differences between the two flow models are observed in many
aspects of the flow and drop evolution characteristics. Also, in some cases, seemingly similar features have been found to result
from different physical driving forces. Despite the low Mach number and low condensation values involved, the very slightly
compressible flow and the incompressible flow are very different. It is concluded that acoustic effects cannot be ignored and the
incorporation of ink compressibility in the physical analysis of this flow system is essential.
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Introduction

It is common practice in fluid dynamics modeling and
calculations to assume that unless exposed to extremely
high pressures, liquids are practically incompressible.
The incompressibility assumption results in substan-
tial simplification of the governing equations allowing
solution of otherwise intractable problems. Published
investigations of the fluid dynamics in drop-on-demand
(DOD) piezoelectric ink jet devices differ in their atti-
tude towards the importance of ink compressibility in
defining the physical behavior of the liquid inside the
nozzle. Some researchers follow common practice and
completely ignore liquid compressibility in their flow
models? or simulations.? Others® assign a great deal of
importance to the ink’s minute compressibility and con-
sequential acoustic effects. Dimensional analysis, which
is often useful in identifying the important physical fea-
tures in a given system, yields inconclusive results in
this case, as will be demonstrated below. Thus, it is
impossible to reach a conclusion regarding the impor-
tance of ink compressibility in the operation of DOD
piezoelectric ink jet nozzles without undertaking a com-
prehensive study of this issue.

Experimental studies of the flow in piezoelectric ink
jet nozzles are extremely difficult due to the highly
transient nature of the flow as well as to the minia-
ture and complex geometry of the flow channel. The
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high speed, transient flow and the complex boundary
conditions limit the possibility for analytical solutions
for the flow field. Thus, a numerical approach to the
modeling of the system is the only viable alternative
to obtain pressure and velocity distribution data not
readily available from experiments. Yet, a numerical
solution depends on the physical model prescribed to
the system and once again one is faced with the ques-
tion whether compressibility effects should be taken
into account. Incorporation of liquid compressibility
into the model imposes a major burden on the numeri-
cal scheme and requires extensive computational re-
sources. Hence, resolution of this issue should provide
a great service for future research.

The objective of this study is to present a detailed
study of the effect of the minute compressibility of ink
on the fluid behavior in DOD devices. This is achieved
by comparing the behavior of compressible and incom-
pressible liquids in the course of drop formation in a
commercial piezo-diaphragm ink jet nozzle. More spe-
cifically, we compare the instantaneous internal pres-
sure distribution and meniscus perturbations during
short time intervals calculated numerically for these two
types of liquids. To carry out these calculations use was
made of a Computational Fluid Dynamics (CFD) soft-
ware package based on the Finite Element Method.” This
investigation also allows us to fully appreciate the im-
portance of acoustics in these systems.

Nozzle Description and Theoretical Framework
A cross-section of a single commercial piezo-dia-
phragm nozzle, designed and manufactured by Aprion
(Aprion Digital Ltd, Netanya 42505, Israel) is shown in
Fig. 1. The nozzle consists of two cylindrical hollow tubes
removed from a porous metal, which wraps the ink
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Figure 1. Details of the Aprion DOD ink jet nozzle.

chamber and enables flow of ink into or out of the ink
reservoir. The circular piezoelectric transducer (pze) is
located opposite to the nozzle exit at the back-end of
the flow channel. A detailed description of the nozzle
geometry is given elsewhere.®?

The voltage applied to the pze triggers its deforma-
tion. Upon deformation, the pze arches into or out of
the ink cavity, and subsequently ejects a drop of ink with
a typical velocity of ~10 m/s. The applied voltage is a
rectangular pulse with a typical duration of T, = 2-5
us, and a drop ejection cycle T'; > 10 us (or single nozzle
jetting frequency <100 kHz). Measurements carried out
in Aprion laboratories revealed that the deformation rise
time of the pze is approximately 1 us.'® The following
values have been selected to represent the water based
ink: p,= 10% Kg/m? for the equilibrium density, c = 0.03
N/m for the surface tension, and u = 102 Paes for ink
viscosity.

Based on a dimensional analysis in which nozzle di-
ameter and drop velocity were used for characteristic
length and velocity, respectively, it was concluded that
the flow is laminar, surface tension forces are probably
of importance, and gravitational forces are negligible.
Despite the low Reynolds number, inertial forces are not
ignored in view of the large acceleration of the menis-
cus during drop formation.5®

As already mentioned, we will attempt to estimate
the importance of liquid compressibility by dimensional
analysis. Although volume changes in liquids are gen-
erally negligibly small, the very fast pze deformation
(At~1us) inside the small ink chamber may result in non-
negligible acoustic effects.

For small density fluctuations in liquids, a linear re-
lationship may be written between the acoustic pres-
sure p, i.e., the gauge pressure which is the excess
pressure above the reference equilibrium pressure, and
the local change in density':

p=(p-pg)C* =spyC* 6%

Here p, is the equilibrium density, p is the instantaneous
density, C is the speed of sound in the medium, and s is
the condensation (defined as the relative change in den-
sity s = (p — po)/po = Ap /po).

In general, we consider “incompressibility” a good ap-
proximation for a given flow when the condensation is
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much smaller than unity. In steady flows, the maximum
change in pressure can be estimated from the stagna-
tion pressure:

p= Pou2 @)

where u is the fluid velocity.
Insertion into Eq. (1) results in the following expres-
sion for the condensation:

s=w/C)? = Ma? (3)

Hence, in a steady flow the incompressibility assump-
tion is valid if the liquid velocity is much smaller than
the speed of sound in the liquid:

Ma =u/C << 1 (4)

Here Ma is the Mach number. The Mach number delin-
eates three flow regimes: For Ma > 1 the ultrasonic flow
system is subjected to shock waves and for Ma << 1 the
flow is considered incompressible. The intermediate re-
gime in which Ma < 1 but is not much smaller than unity
is the compressible flow regime. Obviously, the deter-
mination of the border line between “smaller” and “much
smaller” than unity is somewhat arbitrary and depends
on the specifics of the flow system.

For the estimation of the maximum change in pres-
sure in a transient flow, let us consider the following
case: A piston with a cross sectional area A, accelerates
from rest to a velocity u within a time interval of At in a
pipe of length L filled with an inviscid fluid. Using
Newton’s second law we may write an expression for
the pressure:

u

_F
b= A =Po AL (5)

By equating Eqgs. (5) and (1), we obtain the following
expression for the condensation:

L u L
s= v (E)Ma 6)

Thus, in the case of unsteady flow, the incompressibil-
ity assumption is valid if two conditions are satisfied:
(1) Ma << 1 as stated by Eq. (4); (ii) The distance trav-
eled by the sound wave during the characteristic time
interval At, should be much larger than the dimensions
of the flow system, L:

L <«<1 @)

Unless the latter condition is met the propagation of
pressure changes along the flow system may not be con-
sidered instantaneous relative to the time interval A¢.
As result, acoustic effects cannot be ignored and liquid
compressibility should be considered.*

In order to assume ink compressibility for the tran-
sient flow inside a DOD nozzle, the conditions speci-
fied by Eqgs. (4) and (7) or by Eq. (6), should be satisfied.
Using the drop velocity as the characteristic velocity
of the ink and taking C = 1500 m/s (close to the speed
of sound in water at 20°C and atmospheric pressure'?)
we may obtain an estimate for the Mach number, Ma ~

Magen and Gottlieb



0.007 << 1. To evaluate the second condition we use
the pze characteristic time of deformation (~ 1 us) as
the representative time interval over which the flow
changes significantly. It results in: L/(CA¢) ~ 1.2, which
implies that the distance traveled by a sound wave
during the time required for pze deformation is of the
order of the ink chamber length. Hence, pressure propa-
gation in the ink chamber as result of the pze defor-
mation cannot be considered instantaneous. Yet, if we
use these values in Eq. (6) we find that the condensa-
tion s << 1, which should justify the use of the incom-
pressibility assumption. Thus, we are unable to either
support or refute the incompressibility assumption due
to the ambiguous results obtained from the dimensional
analysis.

The behavior of this laminar Newtonian ink jet ejec-
tion system is governed by the equation of motion and
the equation of continuity.'? As may be appreciated from
Fig. 1, the symmetry axis of the cylindrical flow channel
can be used to reduce the problem into a 2-dimensional
(2D) axisymmetric problem. Thus, in this work we solve
the 2D axisymmetric laminar flow of a (1) slightly com-
pressible and (2) incompressible, Newtonian liquid tak-
ing into account inertial and surface tension effects.

The Computational Set-up

The fluid dynamics computations, were performed by

means of a CFD commercial package POLYFLOW 3.6.0

(Polyflow S.A., Louvain-La-Neuve, Belgium), which em-

ploys the finite element method.” The details of the com-

putational scheme and its implementation in this
problem are described in great detail elsewhere.®? Here
we only give a brief outline of its salient features.

The computer representation of the system geometry
is based on a cylindrical coordinate system with its ori-
gin positioned on the symmetry axis at the nozzle exit
plane. Negative z values refer to distances upstream
from the nozzle exit. The following boundary conditions
(BC) have been used to describe the system:

1. Solid walls. “No slip” BC at solid walls: tangential
velocity V,= 0 and normal velocity V, = 0.

2. Axis of symmetry. Symmetry BC: shear stress 7, =0
and V, = 0.

3. The porous wall. The porous medium, which wraps
the ink chamber, is not included in the modeled ge-
ometry and is replaced by a “thin” (1D) porous wall
boundary, which allows flow in and out of the ink
chamber. The numerical implementation of this
boundary condition comprises of a zero tangential
velocity component (V, = 0) along with a Darcy-like
linear relationship between the normal stress (7,) and
the normal velocity at the boundary:*?

t,= (uL,/k,)V, (8)

where u is the viscosity of the fluid, L, (= 2 mm) and
k, (= 2x 1072 m?) are the thickness and permeability
of the porous wall, respectively.

4. Free surface. The interfacial normal stress (7,) is
equated to the sum of the outer pressure, P,, and the
capillary pressure.

1, =P, + 2R/c 9)

Here R is the Gaussian curvature of the surface and is
a part of the flow solution. The outer pressure is set to
zero, turning the calculated pressure into acoustic
(gauge) pressure. The kinematic condition for the mov-

pze deformation

pze velocity

Figure 2. Deformation and velocity of the piezoelectric trans-
ducer wall in the axial direction and the definition of time zones
(TZ).

ing free-surface states that it must follow material

points in the normal direction at all times, i.e., no mass

flux across it.'?

5. The pze wall. The response of the pze to a rectangu-
lar voltage pulse with a duration of T, = 3.5 us, is
represented by a symmetric sigmoidal deformation
function with rise and decay times of 1 us each, as
depicted in Fig. 2. The pze wall BC is defined by
means of the velocity function obtained from the time
derivative of the deformation function rather than
by the deformation function itself. Vmax, the maxi-
mum pze wall velocity, is assigned the value 10 cm/s
required to reproduce the experimentally observed
average meniscus velocity of 10 m/s.

For the sake of convenience in subsequent discussion,
the pze wall velocity function was divided into six “time
zones” (TZ). TZ1 and TZ2 correspond to the forward
stroke of the pze wall. The time interval between the
forward and backward strokes of the pze wall (zero ve-
locity and maximum deformation) is labeled TZ3. The
backward stroke of the pze wall into its original posi-
tion occurs during TZ4 and TZ5. Once returned to its
original position, the pze wall is at rest (zero velocity
and zero deformation) during 7Z6 until the next pulse
is applied. The initial time ¢ = 0, corresponds to the ini-
tial rise of the pze wall and is the reference time for all
the results discussed here. It should be noted that the
pze wall may experience additional deformation as re-
sult of the pressure reflection from the nozzle exit onto
it. Due to the extremely small volume change even at
its largest applied voltage, changes due to back pres-
sure will not affect significantly the velocity pattern of
the pze wall itself as shown in Fig. 2. Yet, deformation
of the pze wall under the reflected pressure may alter
subsequent pressure reflections at longer times and the
resulting flow field near the back wall of the ink cham-
ber. These effects have not been studied here and may
merit further examination in the future.

To prevent divergence of the numerical scheme the
maximum time step used in the numerical solution in
view of the dimensions of the elements and the speed of
sound, is set to 0.01 us. For the compressible ink model
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the instantaneous ink density, p, is related to the pres-
sure field p, by Eq. (1), whereas for the incompressible
ink model the density is maintained at a constant value
equal to the equilibrium density, p,.

Numerical Results

In what follows we compare the results obtained for com-
pressible and incompressible flows. Initially we compare
the evolution of pressure inside the flow chamber dur-
ing the pze forward stroke. Yet, since the objective of a
DOD ink jet nozzle is to generate drops, most of the com-
parison is dedicated to the differences in the evolution
of drop formation. To capture the features in this highly
transient flow, the results are presented at time inter-
vals of 0.1 us. These time intervals should not be con-
fused with the computation time-steps which are always
smaller than 0.01 us.

Figure 3 depicts the pressure values in an incompress-
ible liquid along the symmetry axis at different times
from 0.1 to 1.0 us with a 0.1 us interval, throughout the
forward stroke of the pze (time zones TZ1 and TZ2). In
this and in subsequent figures the pze wall is positioned
at the extreme left (z = —1.8 mm), and the nozzle exit at
the extreme right (z = 0). We have shown elsewhere?®
that with few exceptions, symmetry axis pressure val-
ues provide good representation of the pressure in the
flow channel. The increase in velocity (during TZ1) is
accompanied by pressure increase (Fig. 3(a)), whereas
the decrease in velocity (during TZ2) is accompanied by
pressure decrease (Fig 3(b)). In both cases the pressure
drop along the ink chamber (axial direction) is very
moderate and most of the time it is limited to less than
1 atm. A notable exception is observed at close proxim-
ity to the nozzle exit section, in which the pressure
drops to zero as imposed by the free surface boundary
condition leading to large pressure gradients at the
nozzle exit. At ¢ = 0.1 us the maximum pressure, lo-
cated on the pze wall, already attained a value of 2.7
atm. Subsequently, the pressure increases at a constant
rate of ~ 20 atm/us reaching its maximum value of 9.5
atm still at the pze wall. This maximum is achieved at ¢
= 0.5 us which corresponds to the end of 7Z1 the time
at which the pze wall reaches its maximum velocity
Vmax. At the onset of wall deceleration at times corre-
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sponding to TZ2, pressure values (depicted in Fig. 3(b))
drop dramatically reaching a minimum value of —1.1 atm
(gauge) on the pze wall at £ = 1 us. Also, the maximum
value in the pressure is no longer at the pze wall shift-
ing to the right with time.

Figure 4 depicts the pressure profile along the sym-
metry axis for a compressible flow. The time here var-
ies between 0.1 — 1 us as well, corresponding to time
zones TZ1 and TZ2 (forward stroke) with intervals of
0.1 us. It can be seen that the pressure builds up gradu-
ally next to the transducer, and propagates towards the
nozzle exit with a fairly steep axial pressure gradient
throughout the flow channel. The pressure on the pze
wall increases with time until ¢ ~ 0.5 us (end of TZ1),
paralleling the linear increase in the velocity at TZ1.
The pressure peaks at 2.7 atm almost at the same time
Vmax is reached. This is followed by a moderate decrease
in pressure on the pze wall down to a value of 1.75 atm,
reached at ¢ = 1 us. As the pressure wave propagates
towards the nozzle exit, it maintains its peak value.
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Figure 5. The protrusion of the meniscus tip versus time. Com-
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In Fig. 5 the calculated extent of protrusion of the
meniscus tip as a function of time is shown for com-
pressible and incompressible flows. For the compress-
ible flow, there is a lag of 1.7 us between the onset of
motion of the pze wall and a discernable motion at the
meniscus tip. For the incompressible flow, the motion
of the meniscus tip is nearly instantaneous (0.4 us). In
both cases, the meniscus reaches a distance of three
nozzle diameters (85 um) from the nozzle exit after ap-
proximately 9 us. The calculations were not pursued
beyond this time (~ 9 us), due to significant distortion
of the mesh elements at the nozzle exit region.

By taking the time derivative of the meniscus tip po-
sition we have obtained the meniscus tip velocity shown
in Fig. 6. Tip velocity provides a more sensitive discrimi-
nation between the features of compressible and incom-
pressible flows. In the case of compressible flow, the
velocity of the meniscus tip is zero for times shorter than
1.2 us. For times longer than 1.2 us, the meniscus tip
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Figure 7. Acceleration of the meniscus tip vs. time for compressible and incompressible flows.

accelerates until it reaches its maximum velocity (14
m/s) within 1.5 us from the onset of its motion or 2.7 us
from the onset of the pze pulse. At this point, the veloc-
ity starts to decelerate moderately to a value of 10 m/s
as t — 9 us. Still, the decrease in velocity is not com-
pletely monotonous and shows some waviness. For the
incompressible flow, the meniscus reaches a slightly
lower maximum velocity value of 13 m/s within 1 us from
the onset of the pze pulse. It then decreases moderately
to a value of 7 m/s as t —» 9 us with a single prominent
interruption during 7Z5.

From the time derivative of the velocity of the menis-
cus tip we have obtained its acceleration (Fig. 7). Con-
siderable amount of “noise” is discernible in this figure
as result of the inherent inaccuracies involved with
numerical differentiation.

In the case of the compressible flow, the meniscus tip
starts to accelerate at ¢t = 1 us, reaching its maximum
acceleration value of 2 x 106 g at ¢ = 1.9 us (within TZ3),
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and at ¢t = 2.8 us, the meniscus tip starts to decelerate.
Intermittently, it gains relatively minor positive accel-
eration values of 3 x 10* gand 1 x 10* g at¢=5.3 us and
8.6 us respectively (At = 3.3 us, both in TZ6). For the
incompressible flow the meniscus tip accelerates almost
instantaneously reaching a maximum value of 2.6 x 10¢
g at t = 0.6 us. For times past 1.1 us, the meniscus tip
decelerates, with one exception occurring during 7Z4
and TZ5.

Inspection of the changes in the velocity field taking
place in the nozzle exit region reveals that the menis-
cus acceleration induces suction of ink towards the exit
plane from its adjacent surroundings. This behavior is
observed for the compressible® as well as the incom-
pressible flow. In the case of incompressible flow, the
induced suction affects the entire ink chamber and the
flow field is directed everywhere towards the nozzle
exit. In contrast, for the compressible flow the suction
induced by the drop is opposed by the pressure and
flow reflections from walls and boundaries acting in
the opposite direction.® Yet, in the tapered section the
flow patterns are qualitatively similar for both models
as shown in Fig. 8. The uniformly directed flow toward
the exit at the tapered section of the nozzle is inter-
rupted by the reversal of the flow field setting in near
the wall of the tapered section (25 um from the nozzle
exit). The onset of flow reversal is first observed at ¢ =
4.2 us for compressible flow and at ¢ = 3.7 us for incom-
pressible flow (see Fig. 8). At this point most of the ink
in the vicinity of the nozzle plate flows outwards fol-
lowing the meniscus motion with a small portion of the
liquid at a certain point near the walls flowing inwards.
With time the extent of the inwards-flow zone increases
in size, expanding towards the drop base and towards
the center line and eventually it leads to formation of
a bifurcation plane between the drop and the bulk of
the ink.

340 Journal of Imaging Science and Technology®

Discussion

The results shown above clearly demonstrate the large
differences in flow behavior resulting from the incorpo-
ration of acoustic effects. This is despite the fact that
for 10 atm, the maximum pressure variation in our flow
system, density variation (cf. Eq. 1) is at most 0.5 kg/m?
which is equivalent to 0.05% of the liquid equilibrium
density.

For incompressible flow as expected, the pressure in
the ink chamber builds up instantaneously and almost
uniformly. The maximum pressure is four times higher
than that observed near the pze wall in compressible
flow, in which the pressure builds up gradually and
propagates with time toward the nozzle exit. The four-
fold decrease in pressure values for the compressible
flow cannot be fully attributed to the minor compress-
ibility of the ink although some of the pze impact en-
ergy is probably absorbed by ink compression. The main
source for the difference in pressure values stems from
the fact that in the incompressible flow the mechani-
cal energy is transferred instantaneously to the exit
wall giving rise to the pressure surge. The magnitude
of the pressure is in par with values estimated from a
simple macroscopic mechanical energy balance.!?
Whereas, in the compressible flow the time it takes
the mechanical energy or the velocity (cf. Figs. 4 and
6) fronts to reach the exit plane and the associated rela-
tively large axial pressure (and hence velocity) gradi-
ents allow for additional dissipation of the mechanical
energy.

In the case of compressible flow, strong coupling is
found?®® between the pressure reflections at the nozzle
plate end and the meniscus acceleration. The meniscus
accelerates exactly at the instant the pressure wave
arrives at the meniscus, and reaches its maximum ac-
celeration value at the same time the reflected pressure
reaches its peak value (¢ ~ 1.8 us). This is also partially
true for the incompressible flow: the meniscus starts
accelerating at the onset of pze deformation since pres-
sure propagation in incompressible flow is instanta-
neous, and the maximum acceleration is related to
maximum pressure. Yet, time and magnitudes of these
features vary between the two flows.

The evolution of meniscus acceleration depicted in Fig.
7 shows qualitatively similar features for both types of
flows in the form of small bursts of acceleration in the
deceleration region past the large acceleration peak: in
the compressible flow they occur at ¢ = 5.3 and 8.6 us
(TZ6) and in the incompressible flow at ¢t = 4.3 us (TZ5).
Yet, despite the superficial similarity between the two
models, the physical mechanism responsible for these
features is very different. In the case of compressible
flow the small bursts of meniscus acceleration were
found to be related to secondary pressure wave reflec-
tions on the nozzle plate. This cannot be the source of
the single burst observed for the incompressible flow
since the latter is not subjected to acoustic propagation
and reflections. Intuitively, one would expect an increase
rather than the observed decrease, in meniscus decel-
eration during 7Z4 and TZ5 due to the backwards mo-
tion of the pze (cf. Fig. 2). Initially, we attributed this
acceleration surge to surface tension forces arising from
the inclination towards detachment of the drop as the
free surface area is increased by the forward motion of
the meniscus. Yet, solving the same problem excluding
surface tension forces from the model resulted in quali-
tatively similar behavior, ruling out surface tension as
the source of acceleration surge in incompressible flow.

Magen and Gottlieb
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The physical mechanism responsible for this feature was
finally identified® as the flow of ink into the ink cham-
ber through the porous wall during the backward mo-
tion of the pze during TZ4 and TZ5.

The pressure profile curves along the symmetry axis
at the corresponding times at which the maximum pres-
sure value has been attained for each flow model are
shown in Fig. 9. The largest pressure magnitudes are
observed at ¢ = 1.8 us (TZ3) and ¢ = 0.5 us (TZ1) for the
compressible and incompressible flows, respectively.
Since as indicated in Fig. 9, the largest pressure in the
incompressible flow is considerably larger than that for
compressible flow it is natural to expect correspondingly
higher meniscus velocity and acceleration in the former.
Yet, Fig. 6 shows a slightly larger meniscus velocity for
the compressible flow and although the maximum ac-
celeration of the incompressible meniscus tip is higher
than that of the compressible flow (Fig. 7), the differ-
ence does not reflect the large difference in pressure
values (Fig. 9). This discrepancy is attributed to the
short lived increase and decrease of the pressure in the
case of incompressible flow, as opposed to the relatively
slow pressure reflection at the nozzle exit section in the
compressible flow.®

Finally, the flow reversal in the tapered section of the
nozzle discussed at the end of the previous section, can
give rise to instabilities which, in turn, may contribute
to the formation of satellite droplets due to its close prox-
imity to the forming drop. The finding that flow rever-
sal is independent of liquid compressibility leads to the
surprising conclusion that this important drop forma-
tion flow feature is not acoustically driven.

Conclusions

A numerical investigation comparing compressible and
incompressible flow models was undertaken in order

to examine the importance of ink compressibility in
DOD nozzle internal operation and drop formation. The
maximum pressure generated in the incompressible
flow is 10 atm adjacent to the pze wall. The resulting
relative change in density is extremely small on the
order of 5 x 10-*. Nevertheless, the very-slightly-com-
pressible flow and the incompressible flow are very
different in many aspects of the flow and drop evolu-
tion characteristics.

It is concluded that acoustic effects cannot be ignored
in this flow system despite the low Mach number and
the small condensation. The propagation of pressure
along the ink chamber cannot be considered instanta-
neous relative to the fast motion of the pze wall. Thus,
the incorporation of ink compressibility in the physical
analysis of this flow system is essential. It should be
noted that in some instances it may prove useful to ex-
amine as well, specific flow features in the absence of
compressibility as a way to determine whether acoustic
effects are responsible for that feature. The reversal of
the flow field near the nozzle exit may serve as an ex-
ample in which this type of comparison was employed,
leading to the important finding that acoustic phenom-
ena were not responsible for it. A&
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Abstract

Thermal polymerization of pentabromobenzylacrylate (PBBMA) in a polypropylene (PP) composite that contains glass fibers
and magnesium hydroxide has been studied using scanning and transmission electron microscopy techniques coupled with energy-
dispersive spectrometry. The addition of PBBMA imparts flame retardant (FR) properties to the PP composite but also affects
adversely its mechanical properties. It is of practical importance to determine the spatial distribution and the extent of poly-
merization of the FR in the PP composite in order to understand better its role in the system. The methods presented here allow the
distinction between the monomeric and polymeric forms of the FR and to determine their spatial distributions. PP itself shows poor
adhesion to the glass fibers, which may be improved by the addition of the reactive PBBMA. The latter is polymerized during
reactive extrusion through an antimony-catalyzed reaction. Antioxidant hinders self-thermal polymerization but the presence of
antimony overcomes this interference. PP shows good adhesion to sized Mg(OH), as expected from a properly surface-treated filler.
© 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Polypropylene; Flame retardant; Electron microscopy; Bromine; Energy dispersive spectrometry (EDS); Pentabromobenzylacrylate

1. Introduction

Pentabromobenzylacrylate-(PBBMA) is a crystalline
monomer classified as a vapor-phase active flame retar-
dant whose activity is achieved through a halogen radi-
cal mechanism. Its chemical structure is shown in
Fig. la. This type of flame retardant (FR) interferes
with the chemical process of combustion. Heat flux
formed during combustion is reduced as result of the
less energetic reaction of the halogen radical which
competes with the combustion enhancing radicals. This
in turn reduces the amount of flammable gas fumes that
fuel the combustion process [1]. PBBMA is capable of
polymerizing by radical polymerization of the unsatu-
rated acrylic group. This polymerization may be initi-
ated thermally during reactive extrusion to produce
poly(pentabromobenzylacrylate) (PBBPA) whose struc-
ture is shown in Fig. 1b [2]. The thermal properties of
PBBMA are shown in Fig. 2. The DSC trace of the
monomeric FR (Fig. 2a) shows two endothermic peaks

* Corresponding author. Tel.: +972-8-646-1486; fax: +972-8-647-
2916.
E-mail address: moshe@inca.bgu.ac.il (M. Gottlieb).

at ~120 °C, which correspond to the melting of two
polymorphic crystals, immediately followed by an exo-
thermic thermal polymerization process. The DTGA
trace (Fig. 2b) indicates thermal stability up to 290 °C
and accelerated breakdown at 330 °C. Due to its stabi-
lity beyond the processing temperatures of poly(-
propylene) (PP), generally 210-250 °C, and its
degradation at temperatures concurrent with degrada-
tion of PP, PBBMA is suitable for use as a FR for PP
composites [2]. PP is one of the most versatile and cost-
effective polymers available today. It is a semi-crystal-
line (~60% crystallinity) polymer (7, =160 °C, T,=
—8 ~—11 °C). At high extrusion temperatures (stable
up to ~240 °C), PP may form a tertiary carbo-cation
which may undergo oxidation or [-scission [3,4].
PBBMA may react with PP to form either PP-g-PBBPA
[2], or attach itself as an end-group to form low mole-
cular weight PP chains. The non-polar nature of the PP
hinders its interaction and adhesion to common polar
fillers such as magnesium hydroxide or glass fibers.
Various types of surface treatments exist for these fillers
in order to improve the compatibility with PP and thus
its mechanical properties [5]. The grafting of PBBMA
may increase the polarity of the PP and thus may

0141-3910/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0141-3910(01)00169-0



466 H. Dvir et al. | Polymer Degradation and Stability 74 (2001) 465-474

H.C == CH
|
o=—c Br Br
|
O—CH: Br
Br Br
(a)
*"_ H.C —— CH {‘—
_ ‘ N
o=c Br Br
|
O—CH: Br
Br Br
(®)

Fig. 1. Chemical structure of the FR: (a) monomer (PBBMA), (b)
polymer (PBBPA).

enhance its adhesion to polar fillers [2], a role which
presently is undertaken by modifiers such as maleic
anhydride. Although the addition of PBBMA imparts
flame retardant properties to the PP composite and
possibly, improves its compatibility as discussed above,
it also affects adversely the mechanical properties of the
composite. Thus, it is of practical importance to deter-
mine the spatial distribution of the FR in the PP com-
posite and to determine the extent of its polymerization
during extrusion in order to better understand its role in
the system. In this paper, we describe two methods for
the determination of these variables: (i) spatial distribu-
tion is obtained by means of transmission (TEM) and
scanning (SEM) electron microscopy coupled with
energy-dispersive spectrometry (EDS) and (ii) extent of
polymerization is determined by means of Fourier
transform infra red (FTIR) microscopy.

In order to obtain the spatial distribution of the FR it
is necessary to distinguish between its monomeric and
polymeric forms. The double bond distinguishes
between the otherwise chemically identical units of

PBBMA and PBBPA. Here we developed a method
based on the assumption that due to its reactivity, this
double bond is selectively stained by osmium tetraoxide
(OsOy4). The OsOy4 staining technique has been pre-
viously employed in imaging unsaturated polymers such
as polyisoprene and polybutadiene [6].

2. Experimental
2.1. Materials

The materials are all technical grade, commercially
available and were used as received. A typical formula-
tion was prepared by compounding the following mate-
rials:

e Polypropylene (3120MN1, Appryl, France) as the
basic polymer matrix;

e PBBMA (FR1025M, DSBG, Israel) as a primary
FR;

e Antimony trioxide, masterbatch of 80% Sb,0O;
and 20% Low Density Poly(ethylene), character-
istic diameter 1.5 pm (LO112 Kafrit, Israel) as an
FR synergistic additive that enhances the FR
properties via a different radical mechanism. For
optimal FR activity [5], it is added in 1:3 ratio
Antimony to PBBMA;

e Irganox (B225, blend of Irganox 1010-hindered
phenol type and Irgafos 168-phosphate type, Ciba
Giegy, Germany) an antioxidant, in order to prevent
PP oxidation during compounding (the commercial
PP above contains ~800 ppm of this antioxidant);

e Magnesium Hydroxide, (FR20, DSBG, Israel) as a
filler with flame retardant properties, a secondary
FR coated with 2% stearic acid;

e Chopped glass fibers characteristic length 4.5 mm
and characteristic diameter ~10 pm, d=2.6 g/cm?
(P355, Vetrotex, France) as a primary filler, in
order to improve mechanical properties; the fiber
surface is treated with silane-based coupling agent
for better compatibility with PP;

e Maleic anhydride (Exxelor VM42E, Exxon, USA)
d=0.9 g/cm?, used as a compatibilizer, grants the
PP a somewhat polar nature;

e Poly(ethylene) wax (AC-6A, Allied, USA) added
in order to lower sheer stresses developed during
extrusion.

A 4% 0Os0y4 aq. solution (Aldrich, USA) was employed
for selective staining of the FR double bond.

2.2. Formulation

All formulations were compounded in a twin screw
extruder (Berstorff ZE25 co-rotating, open vent, extruder
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Fig. 2. Thermal properties of PBBMA. (a) DSC thermogram of PBBMA. The thermogram describes heating cycle (at 5 °C/min) from 50 to 230°C,
fast quench to 50 °C, followed by a second heating cycle. In the first cycle two melting endotherms (110 °C, 123 °C) followed by polymerization
exotherm (onset 125 °C) are observed. In the 2"¢ cycle no features are detected for the amorphous PBBPA. (b) DTGA analysis of PBBMA.
Figure depicts mass-loss rate as function of temperature (heated at 10 °C/min). Onset of mass loss is at 290 °C and maximal rate at 330 °C.

L/D=32) at 250 °C, (the angular velocity of the screws
rotation was 350 rad/min) and subsequently pelletized.
The pellets were dried overnight. The formulations were
injected by means of Arburg Allrounder 320S injection
molding machine into ‘dog- bones’. A Nozzle tempera-
ture of 240 °C and an injection pressure of 1300 bar were
employed. The formulations are specified in Table 1.

2.3. FTIR microscopy

The samples were cut into ~40 pum thick slabs by
means of a Microm HM355 rotary microtome (feed
range of 0.25-500 pm) at room temperature. The sam-
ples were examined in transmission mode in 600—4000
cm~! range using Bruker FTIR microscope (Equinox 55
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Table 1
Formulations of polypropylene composites (in wt.%) and flame retar-
dant properties

Sample | Sample 2 Sample 3  Sample 4

Polypropylene 60 60 43.5 46.5
PBBMA 30 29.7 14 14
Antimony oxide 10 10 4.6 4.6
Antioxidant 0.3 0.3 0.3

(Irganox B2295)
Glass fibers 25 20
Magnesium hydroxide 11.4 134
Maleic anhydride 1 1
PE wax 0.2 0.2
UL9% VB V-0 V-0 Non rated Non rated

LOI-limiting
oxygen index
(LOIL, PP ~ 138)

24-24.5 23.5-24

spectrometer, IR scope Il microscope with 15x magni-
fication, IR objective and MCT detector, liquid N,
cooled). Interferograms were collected by OPUS FTIR
software. Interferograms were deciphered and examined
using Omnic FTIR software.

2.4. Microscopy

24.1. SEM+EDS

The samples were cut into cube shaped pieces of 2-mm
edge size. Each piece was held for 3 days in a desiccator
over the OsO, solution. After staining, the samples were
prepared for SEM analysis by gold coating using Polaron
5100 coater. The samples were examined using a Jeol
JSM35CF scanning electron microscope operated at 25
kV, coupled with EDS using an Oxford detector and
AN10000 analyzer. EDS analyses have been carried out in
two modes: mapping an element over the entire sample or
zooming-in at a particular spot in the micrograph and
collecting the overall spectra. An example is shown in
Fig. 11 to be discussed later. In this figure, the largest
peaks correspond to bromine (from the FR) and magne-
sium [from Mg(OH), particle]. Gold is due to the surface
coating for SEM, silicone is due to the glass fiber. Traces
of Os are also detected in this sample.

24.2. TEM+EDS

For TEM microstudy, after staining, 50 nm thick slabs
were cut with glass knives by means of Reichert-Jong
model FC4E Ultracut cryo-ultramicrotome at a tempera-
ture of —100 °C. The slabs were placed on 200 mesh
microscope copper grids and restored to room tempera-
ture. The samples were examined using CM120 Philips
transmission electron microscope operated at 120 kV
equipped with CCD camera mounted beneath the sample.
Electron micrographs were processed using Gatan’s Digi-
tal Micrograph software and further processed if neces-
sary by Adobe PhotoShop software. The stained samples

were also examined by EDS operated at 100 kV in a
2000 FX JEOL TEM.

3. Results and discussion
3.1. FTIR measurements

The collected interferograms were deciphered and two
distinct peaks were chosen as reference values to
PBBMA and PBBPA. A carbonyl stretching-mode peak
at about 1720 cm~! is a common peak corresponding to
both PBBMA and PBBPA. A vinyl stretching-mode
peak at ~1405 cm~! corresponds solely to PBBMA (cf.
Fig. 3). We have found the peak size to depend on the
macroscopic sample variables (such as exact thickness,
flatness, etc.), but the ratio values between the areas
under different peaks (indicated in Fig. 3) were found to
be independent of the sample surface and thickness and
represents only its composition. The ratio between the
chosen peak areas (after conversion into respective mass
based on previously determined calibration) shows the
fraction of monomer that did not polymerize during
extrusion, i.e. residual monomer. This information
allows the calculation of the conversion of PBBMA to
PBBPA, as shown in Table 2. Two representative inter-
ferograms corresponding to samples 1 and 3 are depic-
ted in Fig. 3. From the comparison between samples 1
and 2, one can deduce the role of the antioxidant Irga-
nox. The incorporation of this antioxidant, which is a
radical scavenger, may interfere with the polymerization
of the FR in the composite. In sample 1 that contains
no Irganox, the vinyl peak does not show up at all in the
interferogram which means PBBMA has polymerized
completely during compounding. Whereas in sample 2 to
which Irganox has been added, PBBMA polymerization
has been largely inhibited. This effect is also observed in
samples 3 and 4. The smaller differences in conversion
between samples 2, 3, and 4 are due to variations of the
composition and relative amounts of additional solid
ingredients which influence the polymerization rate.

Additional experiments have been carried out to
examine the homogeneity of the FR distribution
throughout the sample. A cross-sectional cut of the
‘dog-bone’ formed from Sample 3 was examined and

Table 2

PBBMA conversion as determined by FTIR microscopy

Formulation PBBMA PBBMA PBBMA

no. compounded in product conversion
(Wt.%) (Wt.%) (%)

1 30.0 ~0 ~100

2 29.7 19.6 34.1

3 14.0 10.1 28.1

4 14.0 7.7 45.1
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Fig. 3. Interferograms of samples 1 and 3. Assignments for the main peaks are indicated.

FTIR spectra have been collected at 10 points, 0.5 um
apart along a line stretched along the cross-section from
the sample edge to its center. At each point the ratio
between the carbonyl and vinyl peaks (which corre-
sponds to the total-FR/PBBMA ratio) and the ratio
between the vinyl (PBBMA) peak and a peak corre-
sponding to the PP (-CHj; symmetrical deformation
mode at ~1370 cm~!) were measured. At all points
except for the edge point, the obtained ratio values were
within the experimental error 5% . The edge point dif-
fered significantly from the other points but this is
attributed to the inaccurate measurement at the edge as
result of surface irregularities. From these experiments,
we conclude that the FR is evenly distributed in the PP
matrix and the extent of polymerization is identical
throughout the sample.

3.2. TEM morphological microstudy

In Figs. 4 and 5, TEM micrographs of samples 1 and 2
respectively, are shown. In both micrographs, the poly-
propylene matrix appears as the whitish background.
This is confirmed by the EDS analysis, which indicates
the complete absence of any heavy elements (Br, Os) in
this region. The black dark spots have been identified as
antimony oxide by the distinct peak observed in EDS
spectra. In the gray areas, a peak of bromine is detected
indicating the presence of the FR, either in its monomeric

or polymeric form. Two types of gray areas exist in Fig. 4:
areas enclosing Sb,O; particles and areas with no trace
of antimony. In both cases OsO, was not detected.
Furthermore OsO4 was not detected anywhere in this
sample. In contrast, OsQy, is detected in Fig. 5, but only
in the gray areas that are relatively removed from the
antimony particles. The presence of OsQOy, in these gray
areas exposes the PBBMA (which contains an unsatu-
rated bond capable of interacting with the OsO,)
whereas gray areas with no detectable OsO,4 contain
mostly PBBPA. Hence, the combined TEM and EDS
analysis allows the distinction between PBBMA and
PBBPA regions. The role of the Irganox B225 in the
composition is clearly deduced from the comparison of
the two figures and supports our earlier observations
by FTIR described above. As previously shown, the
Irganox antioxidant suppresses the polymerization of
the PBBMA during extrusion. In sample 1 (Fig. 4)
which contains no Irganox, more PBBMA has poly-
merized either by self-thermal polymerization (areas
without Sb>O3;) or by Sb,O; catalyzed reaction (in
areas around antimony). Addition of Irganox B225
(Fig. 5) suppresses mostly the self-thermal polymeriza-
tion and as a result, monomer (detected by OsOy) is
found in large amounts in the isolated FR regions. In
contrast, in the regions in the vicinity of Sb,O; the
catalytic activity of the latter overcame the hindrance of
the Irganox and the FR has polymerized (no OsOy).
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Fig. 4. TEM micrograph of sample 1. White background, PP; dark black spots— antimony; grey areas, PBBPA. No PBBMA is detected here.

3.3. SEM morphological microstudy

In Figs. 6 and 7 SEM micrographs of samples 2 and 3
respectively are shown. In both micrographs the
PBBMA particle appears as a white bright spot. A dis-
tinct peak of bromine and osmium was observed by
EDS at this particle. Small particles that are embedded
in PP layers were identified by EDS as Sb,0;. It can be
seen that Sb,0s is dispersed homogeneously throughout
the PP matrix. EDS spectra at the vicinity of the Sb,O;
particles show the presence of bromine without osmium
identifying it as PBBPA. Once again, the combined
SEM and EDS analyses allow the distinction between
PBBMA and PBBPA. As shown before, the Sb,O; plays
the role of a catalyst for the polymerization of the
monomer. Polymerization does not occur relatively far
from Sb,Oj; particles. Sb,Oj5 is a FR synergistic additive
that enhances the flame retardation properties of the
polymeric system. The encapsulation of Sb,O; by

PBBPA is ideal for this purpose. The dispersion of the
PBBPA with the antimony in the PP matrix is expected
to increase the efficiency of the FR [7]. It has been sug-
gested that the difference in viscosity and hence the
flowability of the FR relative to the PP may damage its
efficiency, but when the FR is embedded in PP, they
must flow together. PBBMA particles appear in Figs. 6
and 7 to be undissolved in the PP matrix, whereas the
polymerized PBBPA around Sb,Oj; is better dispersed in
the PP phase. A third type of particle has also been
observed. These particles that are partially embedded in
the PP matrix contain antimony, bromine and osmium.
This means that PBBMA has only partially polymerized.
Since it does not dissolve in the PP it forms a separate
phase that is drawn toward the PP phase by the poly-
merized fraction of the particle. In this case, the ability
of the PP and the PBBMA to flow together is improved.

In Figs. 8 and 9, SEM micrographs of samples 3 and 4
respectively are shown. Chopped glass fibers are imaged
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Fig. 5. TEM micrograph of sample 2. White background, PP; dark black spots, antimony, gray areas enclosing antimony particles, PBBPA; other

gray areas—PBBMA.

in both micrographs. EDS analysis revealed that the
small ‘spots’ observable on the glass fibers and indicated
by an arrow in both figures, contain only bromine. In
contrast, the larger particles, also observed on the fiber
in Fig. 9, contain osmium as well. In addition to the
‘spots’ and particles an elongated fibrillar feature is also
observed attached to the glass fiber in Fig. 9. From ele-
mental analysis as well as from the size and shape of the
fibril, we are able to identify this fibril as composed of
mostly PP with traces of bromine near its base (attach-
ment area to the glass fiber).

From these figures, it is possible to conclude the fol-
lowing: (a) The relatively bare surface of the glass fibers
indicates that there is poor adhesion between the PP
and the glass fibers despite the surface treatment with
the silane-based coupling agent. (b) The small spots that
contain bromine suggest that a reaction may have taken
place between the reactive FR monomer and a func-

tional group on the fiber surface. The lack of osmium
also indicates that this reaction is probably part of the
FR polymerization process. (c) In the larger particles,
the polymerization is incomplete and the osmium iden-
tifies the presence of PBBMA in the proximity of the
surface. (d) The bromine identified near the base of the
fibril suggests that the reactive FR monomer acts as a
binder, a coupling agent between the PP and the sizing
agent on the surface of the glass fiber. A possible cou-
pling mechanism is based on the formation of a chemi-
cal bond between the silane surface treatment and
PBBMA and between the latter and PP. The existence
of such a bonding is beneficial for the dispersion of
stress loads developed along the interface between PP
and glass fibers in the composite and the improvement
of its mechanical properties.

In Fig. 10, which depicts an SEM micrograph of
sample 3, a magnesium hydroxide particle is observed.
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Fig 6. Scanning electron micrograph of sample 2. White PBBMA
particle is identified in the micrograph. Small antimony particles are
also indicated.

Fig 7. Scanning electron micrograph of sample 3. This sample con-
tains glass fibers. White particle inside the white square is a PBBMA
particle. Small antimony particles are indicated.

Fig 8. Scanning electron micrograph of sample 3. No PP adhesion to
the glass fiber is observed. Small spots are identified as PBBPA.

This identification is based on the detection of magne-
sium by EDS as shown in Fig. 11. The original magne-
sium hydroxide particles have a characteristic diameter
of ~1.5 um and are surface treated with 2 wt.% stearic

Fig 9. Scanning electron micrograph of sample 4. In this image
PBBPA spots, PBBMA particle, and a PP fibril are observed. PBBPA
is detected at the base of the fibril near the glass fiber.

Fig 10. Scanning electron micrograph of sample 3. The particle
marked by the frame is magnesium hydroxide. It is covered by PP and
contains bromine in its shell.

acid. The particle observed has a diameter of about 10
pum and EDS spectra shows also the presence of large
amounts of bromine. Thus, the particle is encapsulated
by a spherical PP shell which also contains PBBPA on
its surface [8]. Traces of osmium are detected but their
relatively small amount precludes the presence of con-
siderable amounts of PBBMA in the particle. The
Mg(OH), shows good adhesion to PP and is embedded
in the polymer matrix. The successful incorporation of
the magnesium hydroxide particles in the polymer is
desirable from the point of view of flame retardance
since the embedded particle will be carried by the flow-
ing PP during combustion and will not separate from
the matrix upon melting. The Mg(OH), also shows
good adhesion to the reactive FR, which may further
improve its flame retarding properties. This may explain
the lower required amounts of brominated FR when
combined with Mg(OH), in the same composite [9].
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Fig 11. EDS spectra of the framed section in Fig. 10 (magnesium hydroxide particle).

4. Conclusions

A powerful method has been developed for the
visualization of pentabromobenzylacrylate in poly-
propylene composites and the identification of the
monomeric and polymeric forms of this flame retardant.
It allows the study of the distribution of the FR in the
composite by means of SEM and TEM coupled with
EDS. The ability to distinguish between the monomeric
and the polymeric forms of the FR is based on the use
of OsOy as a selective staining reagent.

In a typical PP composite studied here we observe
that the residual monomer is undissolved in the com-
posite, whereas the polymeric FR is homogeneously
dispersed in PP matrix. By the combination of the elec-
tron-microscopy methods and FTIR microscopy it was
determined that the polymerization reaction is highly
hindered by the presence of the antioxidant and takes
place only in the presence of antimony oxide.

Poor adhesion is observed between PP and the glass
fibers. Better adhesion is observed for the polymerized
FR. The poor adhesion of PP may be improved by the
reactive FR monomer that seems to play the role of a

coupling agent. PP shows good adhesion to Mg(OH), as
expected from a surface treated filler and it allows the
polymerization of the FR in its vicinity.
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Abstract

We show that non-covalently bound dye molecules can be used as labels in single
molecule fluorescence experiments for the determination of aggregate formation in stan-
dard surfactant systems. Aqueous solutions of AOT, CTAC, and C12 F5 have been studied
by Fluorescence Correlation Spectroscopy (FCS) using commercially available dyes. The
translational diffusion coefficient and the critical micelle concentrations (¢mc) have been
determined and compare well to values reported in literature. The respective charges of
the surfactant and of the dye molecule are crucial for the effectiveness of the presented

method.

1 Introduction

Self-aggregation of surfactants is a key issue
in a variety of industrial processes such as
cleaning, pharmaceutical formulation, and
polymerisation.  In this context, precise
knowledge of the size of the aggregates and
a quantitative determination of the critical
micelle concentration (cmc) is indispensable.
Usually data is drawn from light scattering,
surface tensiometry, or conductivity and
osmotic pressure measurements [1]. These
techniques, however, are limited in sensitiv-
ity, need considerable amounts of material,
and are highly costly and time consuming.

Here we explore the potential of fluores-
cence correlation spectroscopy (FCS) as an
alternative method to characterise the self
aggregation behaviour of surfactants, using a
non-covalently attached dye as fluorophore.

Previous FCS studies of surfactant sys-
tems relied on the synthesis of dye-labelled
molecules, which were blended with the bare
molecules under consideration [3, 4]. This
establishes a major disadvantage, since the
labelling process is extremely costly and time
consuming. Therefore FCS has not been
very common in surfactant analysis so far.
Covalent binding of the dye may, however,
not be necessary. Depending on the respec-



tive polarities of the surfactant head group
and the dye, one can anticipate physical
aggregation of the dye to the micelle. In
the present contribution, we systematically
study the ability of free dye molecules to act
as a label in aggregate-forming systems. We
show that a suitable choice of commercially
available dyes allows a straightforward
determination of both the aggregate size
and the critical micelle concentration. Our
results compare well to values determined by
the “classical” techniques mentioned above.
Since FCS is based on single-molecule
fluorescence-detection, this technique pro-
vides both extreme sensitivity and access
to a large range of concentrations, which
exceeds that of different techniques by orders
of magnitude [2]. The small focus volume
of around 1 fl, which is addressed by FCS,
permits the use of only smallest amounts
of material. Moreover, the fastness of the
experiments makes them well suited for high
throughput investigations.

2 Experimental

2.1 Fluorescence Correlation

Spectroscopy

The basics of FCS were developed in the
early 1970s by Elson and Madge [5, 6, 7].
The diffusion of a single molecule is mea-
sured by monitoring its fluorescence upon
diffusion through a microscopically small
volume defined by a highly focussed laser
beam. From the average time needed to pass

this volume, the hydrodynamic radius can
be inferred. Particles of different mobility,
in our case single dye molecules and dye
molecules bound to a micelle, are easily
distinguishable.

The experiments were performed with a
ConfoCor2 FCS setup (Carl Zeiss Jena), us-
ing an argon-ion laser at a wavelength of 514
nm for excitation of the dye molecules. The
laser beam is focussed by a C-Apochromat
40x water immersion objective with a
numerical aperture of 1.2. The fluorescence
light is collected by the same objective and
separated from the excitation beam by a
dichroic mirror. The emission beam is then
mapped onto a pinhole in the image plane
of the objective. Emmission filters in front
of the pinhole absorb scattered light from
the excitation laser. Fluorescence is detected
by an avalanche photodiode in single photon
counting mode. The experimental setup
of FCS is given in detail by Elson [6].
All experiments were performed at room
temperature without further temperature
control.

Comparison of the fluorescence with
diffusion-based models can most conveniently
be done by analysing the autocorrelation of
the fluorescence signal. For this purpose, a
software correlator yields the autocorrelation
function G(1):

where F' indicates the fluorescence intensity
at times 0 and 7 and where ( ) denotes the
time average. For the modelling of the au-
tocorrelation function we assume a Gaussian



intensity profile of the laser beam with waist
radii w,, and w, perpendicular and along the
optical axis, respectively.

_ 20?4y 22
wxy Wy

(2)
If we allow for K fractions of fluorophores
with different mobilities (e.g.  free dye
molecules or dye molecules bound to aggre-
gates of different sizes), the autocorrelation
function G(r) is given by [9]

I(z,y,z) =Iye

+1,(3)

.
it 1+ o+

where 7; is the average time needed by the
dye molecules of fraction ¢ to pass the exci-
tation volume. T denotes the fraction of dye
molecules that are in the triplet state with
a lifetime 7;,.. N is the average number of
dye molecules within the excitation volume
and ¢; is the fraction of the i*® component.
Finally, S is the structure parameter, which
describes the shape of the excitation volume
and which is defined as the ratio of the waist
radii

(4)

The diffusion times are related to the respec-
tive diffusion coefficients D;

Wy
S = ,

Wy

w2

Ty
[ ) 5
TS TD (5)

which then allow us to calculate the hydrody-
namic radii 7,; by use of the Stokes-Einstein

equation
kgT

= 6
rh7 47T7]0Di ( )

with kg the Boltzmann constant, 7" the abso-
lute temperature and 7y the solvent viscosity.

2.2 Data Analysis

For quantitative data analysis equation (3)
is fitted to the experimental autocorrelation
function. The fits are performed by using
a Levenberg-Marquardt algorithm. To de-
termine the geometry of the laser focus, we
first measure an aqueous solution of Rho-
damin 6G. A single-particle fit (K = 1) yields
the structure parameter S. Using the pub-
lished value for the diffusion coefficient of
Rhodamin 6G of 2.8 - 1071 m?s™!, we can
estimate w,, ~ 200nm according to equation
(5). For the fitting of all subsequent mea-
surements S is kept constant. To determine
whether a single-particle fit (K = 1) is suf-
ficient or whether a two-particle fit (K = 2)
is required, a statistical F-test was performed
[11].

2.3 Sample Preparation

In our experiments, three surfactants, hex-
adecyltrimethylammonium chloride (CTAC),
sulfosuccinic acid bis(2-ethylhexyl) ester
sodium salt (AOT), and pentaethylene gly-
col monododecyl ether (Cy3F5) were used as
purchased from Fluka. The dyes Sulforho-
damine G, Sulforhodamine B and Rhodamin
B Base were purchased from Sigma-Aldrich
GmbH. Rhodamin 6G and Cresyl Violet were
obtained from Lambda Physics. The exact



dye concentration in the delivered powder is
unknown for most of the dyes. All chemi-
cals were used without further purification.
The solutions were prepared with Milli-Q wa-
ter. The same water was used as immersion
medium for the objective.

All surfactant solutions were prepared with a
dye concentration of 1078 M. The FCS mea-
surements were performed on droplets of 40l
placed onto a coverglass. The focus of the
objective was placed 200 um above the cover-
glass to avoid interactions between the glass
surface and the investigated molecules. Each
FCS measurement (duration: 60 s) was re-
peated three times.

3 Results

Cationic surfactant. The cationic sur-
factant CTAC was measured with the an-
ionic dyes Sulforhodamine B and Sulforho-
damine G and the cationic dye Cresyl Violet.
We start discussing the results obtained with
the anionic dyes. Figure 1A shows two typi-
cal autocorrelation functions for CTAC con-
centrations of 8.0-107* M and 1.5- 1073 M,
respectively. Figure 2 (top) shows the diffu-
sion time as a function of CTAC concentra-
tion obtained by single-particle fits through-
out the entire concentration range. The
dashed vertical line indicates the published
value of the c¢mc obtained using ”classical
techniques”. We observe an increase of the
diffusion time starting at a surfactant con-
centration of 5.0-107* M, i.e. at a concentra-
tion considerably below the ¢me. Note that a
single-particle fit assumes all dye molecules to

G(1)
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Figure 1: The experimental autocorrelation curves
(—) of the two CTAC concentrations 8.0 - 1074 M
and 1.5-1073 M with an amplitude of 2.0 and 1.6 are
plotted together with the single-particle fit (- — —) in
part A. Part B represents the residuals of the single
particle and two-particle fits at a CTAC concentra-
tion of 8.0 - 10=* M, respectively. The residuals of
the single-particle fit (— — —) are considerably larger
than the ones of the two particle-fit (—). In part
C the residuals of the single-particle fit to the data
at 1.5-1072 M are shown. For this concentration a
single-particle fit is sufficient.



diffuse at the same average speed. In case of
aggregate formation this implies that all dye
molecules have associated to aggregates of
the same size. In order to check whether dif-
ferent fractions of dye molecules are present
in the solution, the autocorrelation functions
were also fitted with a two-particle model
(K = 2) and an F-test was applied to deter-
mine which of the two models is more suitable
to represent the experimental data. The main
criterion of the F-test is the value of 2, which
leads to an intuitive understanding of the F-
test; only if the residuals (and thus x?) are
significantly lowered, the complicated model
is justified. For ¢(CTAC) = 8.0-107* M »?
is 0.015 for the single-particle fit and 0.00075
for the two-particle fit. This means that the
two-particle model improves y? by a factor
of twenty and therefore is the model to be
chosen. Not very surprisingly, also the F-test
recommends the two-particle model. Repeat-
ing this procedure for the whole concentra-
tion range, it turns out that for the CTAC
system a two-particle fit is needed between
5.0-107* M and the c¢me resulting from clas-
sical techniques. Below and above this con-
centration range, a single-particle fit is suffi-
cient. To further visualise this procedure, we
compare in figure 1B the residuals of a single-
particle and a two-particle fit to an autocorre-
lation function obtained in the intermediate
concentration regime. Here, the two-particle
fit clearly leads to smaller residuals. In fig-
ure 1C, we show the residuals for a single-
particle fit to an autocorrelation function ob-
tained above the cmec. Here, the residuals
are considerably smaller and a two-particle
model does not lead to a significant improve-

ment. Figure 2 (bottom) shows the results for
the diffusion times resulting from two particle
fits in the intermediate CTAC concentration
regime.

The two particles represent the free dye
molecule (dominant at low CTAC concentra-
tions) exhibiting a diffusion time of 7 &~ 30us
and a dye molecule bound to a micelle (dom-
inant at high CTAC concentrations) exhibit-
ing a diffusion time of 75 =~ 150 us. This
value is nearly constant up to a CTAC con-
centration of 1.5 - 1072 M. At intermediate
concentrations slightly below the cmec, both
free dye molecules and dye molecules bound
to micelles coexist. The diameter of the mi-
celles calculated from 75 according to equa-
tions (5) and (6) yields 6.3 nm. This is in
good agreement with the value of 7.9 nm re-
ported by Lindman and coworkers [12]. Fig-
ure 3 shows the increase of the fraction of dye
molecules associated to micelles as a function
surfactant concentration.

In a third series of experiments, the cationic
CTAC system was also studied together with
the cationic dye Cresyl Violet (figure 2 open
triangles). The results of the single-particle
fits show considerably smaller increase in dif-
fusion time signalling for a large number of
free dye molecules even well above the cmc.
The F-test indicates a much broader concen-
tration range in which two fractions of par-
ticles coexist. Consistingly, the fraction of
dye molecules associated with micelles, which
is obtained from the two-particle fit, is quite
small (Figure 3). It is very likely that repul-
sive electrostatic interaction is the origin of
the ineffective physical aggregation of Cresyl
Violet to the CTAC micelles.
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Figure 2: Diffusion times determined for CTAC so-
lutions of different concentrations. The data result
from fitting equation (3) to the experimental FCS au-
tocorrelation functions. The dashed line indicates the
cme value determined by classical methods. The top
graph shows the results obtained for single-particle
fits (K = 1). The bottom graph shows data obtained
when using a two particle fit. In order to determine
whether a single or a two-particle fit should be used,
we applied a hypothesis test (F-test) with a 5% con-
fidence level. In case of anionic dye molecules the
two-particle fit was required only at concentrations
below the dashed vertical line. For the cationic dye
molecule the two-particle fit was necessary up to a
concentration of 1.5 - 1072 M.
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Figure 3: Fraction of dye molecules associated with
micelles. Whenever a two-particle fit was required,
the value of the fraction was taken from the fit. When
using the single-particle model, the value was set to
0 at low and to 1 at high concentrations and an error
of 5% was assumed. For the anionic Sulforhodamines
we obtain a much faster increase than for the cationic
dye Cresyl Violet.
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Figure 4: Normalised autocorrelation curves of
AOT measured with Cresyl Violet. The five curves
(—), corresponding to AOT concentrations of 2.3 -
107° M to 8.0 - 10~ M., do not differ in shape and
cannot be distinguished. At an AOT concentration
of 1.5-1073 M (- — —) the diffusion time starts to
increase. Here we find two particles with different
diffusion times as shown in Figure 5. The curve at
cme (2.5-1073 M) (- - ) shows a diffusion time much
longer than that of the free dye. With increasing
AOT concentration the diffusion time converges to
an upper limit of ~ 100 us.

Anionic surfactant. The anionic surfac-
tant AOT was analysed with each of the dyes
Cresyl Violet and Sulforhodamine B (figure
5).

Figure 4 shows the normalised autocorrela-
tion curves of AOT analysed with Cresyl
Violet in an AOT concentration range of
2.3-107°M to 1.5- 1072 M. At concentra-
tions below 1.5 - 1073 M the autocorrelation
signal is independent of surfactant concen-
tration and resembles that of pure dye solu-
tions. At concentrations between 1.5-1073 M
and 3.8 - 107 M the autocorrelation curves
shift to higher diffusion times, indicating the
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Figure 5: Characteristic diffusion times (A) and
number of dye molecules in the excitation volume
(B,C) for AOT solutions measured with Cresyl Vio-
let and Sulforhodamine B, respectively. At low AOT
concentrations only free Cresyl Violet molecules with
a diffusion time of ~ 25 us are detected. At an AOT
concentration of 1.5 - 1073 M a second fraction of
particles with a diffusion time of 90 us appears. At
higher AOT concentrations, a single fraction of par-
ticles is observed with a diffusion time significantly
longer than that of the free dye. The solution with
Sulforhodamine B shows an increase in the diffusion
time at 5-103M. Figures B and C show the change in
the number of fluorescent particles in the excitation
volume. This number increases with increasing sur-
factant concentration for Cresyl Violet (C) but does
not display any distinct trend for Sulforhodamine B

(B).



beginning of the formation of micelles. At
1.5-1073M free dye molecules and micelles co-
exist. At high surfactant concentrations the
autocorrelation signal is, again, independent
of surfactant concentration, indicating that
all dye molecules are attached to micelles.
The fitting of the data leads to the concentra-
tion dependence of the diffusion time shown
in figure 5. At AOT concentrations below
1.5-1072 M the fit clearly yields a single frac-
tion of molecules and thus, the observed dif-
fusion time is attributed to free Cresyl Violet
molecules. At 1.5- 1073 M a second fraction
of particles with a diffusion time of 91 +9 us
is observed. At and above 2.5 - 1072 M the
data are, again, well represented by a single
fraction with a characteristic diffusion time,
which increases from a value of of 48.4+0.2us
up to 104.9 £+ 0.2 ps with increasing surfac-
tant concentration. Thus, we find a one-
to-one correspondence to the CTAC system
measured with anionic dyes but with the
polarities inversed: At low surfactant con-
centrations only free dye molecules are ob-
served, while above the “classical” cmc all
dye molecules are bound to micelles. At con-
centrations slightly below the c¢mc both free
dye molecules and dye molecules bound to
micelles are present in the solution.

Along the same lines the data obtained with
the anionic dye Sulforhodamine B resemble
the scenario observed for CTAC with the
cationic dye Cresyl Violet. The data can
be fitted with a single fraction of particles
throughout the entire concentration range.
The diffusion time increases only slightly and
even above the classical ¢mce predominantly
free dye molecules are observed.

We now turn to the discussion of the num-
ber of particles N within the excitation vol-
ume, which is the second important fitting
parameter. According to equation (3) N is
proportional to 1/(G(7) — 1) for single parti-
cle systems. Figure 5C shows the concentra-
tion dependence of the number of particles
of Cresyl Violet. Although all solutions were
prepared with identical dye concentration we
observe an increase in the number of particles
at the very concentration at which the diffu-
sion time starts to increase. In other words,
the concentration of dye molecules increases
exactly at the onset of micelle formation. We
attribute this to the ability of micelles to dis-
solve dye molecules that at low surfactant
concentrations (below cmc) are adsorbed at
the surfaces of the sample chamber.
Measuring the same surfactant with Sulforho-
damine B, we do not observe a significant
change in the number of particles beyond the
statistical scatter in the data points (figure
5B).

Finally, we have analysed the surfactant
sodium dodecyl sulfate (SDS) in the same
manner and qualitatively find the same be-
haviour as seen for the AOT system (data
not shown here).

Non-ionic surfactants. The non-ionic
surfactant Ci3E5 shows a different behaviour
than the ionic species. This surfactant could
only be investigated by FCS with Rhodamine
B Base. All other dyes studied with this
surfactant did not show any change in dif-
fusion time with increasing surfactant con-
centration. For Rhodamine B Base we de-
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Figure 6: For the non-ionic surfactant up to a con-
centration of 6.5-10~°M no interaction with the Rho-
damin B Base can be noted. At this concentration a
second particle with a longer diffusion time of 62+5us
and a fraction of 12% appears. With increasing sur-
factant concentration the fraction of this particle in-
creases up to 80%.

tect a single fraction of particles (free dye
molecules) at surfactant concentrations be-
low 6.5 - 107> M. At this concentration a
second fraction of particles appears with a
characteristic diffusion time of ~ 60 us. The
fraction of this species is 12%. With increas-
ing surfactant concentration the fraction in-
creases up to 80%. The scatter in diffusion
time of the micelles is relatively large and
therefore its value is not specified.

4 Discussion

For all ionic surfactants studied here, we find
a quite general behaviour. Well below the
cme only free dye molecules are observed. At
and above the cmc value obtained by clas-

cme [M]
surfactant  cationic anionic  conductivity
CTAC 7x107% 1.5x107%  1.46 x 1073
AOT 25x107% 4x1073 2.4 %1073

Table 1: cmc values for the ionic surfactant systems
as obtained from conductivity measurements and
from FCS measurements with anionic and cationic
dyes.

sical techniques, micelles are observed pro-
vided that the dye molecules are chosen to
have the opposite polarity of the surfactant
(see table 1). Well below and above the clas-
sical cmc the FCS autocorrelation function
can be fitted by assuming a single fraction of
particles corresponding to free dye molecules
(at low concentrations) and to dye molecules
bound to micelles (at high concentrations),
respectively. In the concentration range be-
tween about 0.3 ¢mc and the actual eme the
situation is more complex and indeed more
interesting. Here, the FCS data clearly indi-
cate the coexistence of two fractions of dye
molecules, one characterised by the diffusion
time of the free dye and the other one char-
acterised by a considerably larger diffusion
time. This finding suggests the formation of
aggregates already below the cme. The width
of the concentration range below the cmc,
where aggregate formation is observed, varies
slightly from system to system. However, the
observation of aggregate formation below the
cme is a distinet result of the FCS experi-
ments. In addition, for dye molecules suitable
for ecmc analysis a systematic increase of the
number of particles within the excitation vol-
ume is observed when approaching the cmc.



It is assumed that dye molecules located at
the glass surface (and therefore not accessi-
ble to FCS) will be dissolved on the onset of
micelle formation.
One may argue that the formation of micellar
aggregates at surfactant concentrations be-
low the classical ¢mc may be induced by the
presence of the dye molecule and thereby be
considered an artefact of the FCS technique
[8]. In order to test this hypothesis, we have
quantified the influence of Sulforhodamine G
and Cresyl Violet on the micelle formation
in CTAC solutions by conductivity measure-
ments. The results are summarised in table
2. Irrespective of the polarity of the dye the
addition of up to 1-10~* M of dye molecules
did not lead to any measurable change of the
eme. Only at a dye concentration of 1-1073M
a slight shift of the ¢mc is observed. We note
that this concentration is five orders of mag-
nitude larger than the concentration used for
the FCS experiments. The shift is indepen-
dent of the polarity of the dye molecule. In
addition, the c¢mc happens to shift to higher
concentrations in contrast to the observation
of aggregation at concentrations below the
cme.  Therefore it seems unlikely that the
pre-cmc aggregation is induced by the dye.
Thus, it is rather probable that a small num-
ber of aggregates is indeed formed below the
cme. The sensitivity of the FCS technique
requires no more than 1 - 1072 M of aggre-
gates in order to lead to the observed results.
Such small number of aggregates could not
be detected by any other technique.

The observation of pre-micellar aggrega-
tion may also raise the question of how to de-
termine a critical micelle concentration from

cme [M]

Dye Conc. [M] Sulforhodamine G = Cresyl violet
0 143 x 1073 143 x 1073

1x 1077 1.4 x 1073 1.4 x 1073
1x107* 1.5 x 1073 1.4 x 1073
1x 1073 3.0x 1073 1.9 x 1073
Table 2: e¢me values for the cationic surfactant

CTAC with different concentrations of Sulforho-
damine G and Cresyl Violet. The values are mea-
sured by conductivity.

FCS experiments. For most practical pur-
poses, we may define a ¢me from FCS exper-
iments as the lowest surfactant concentration
at which the FCS autocorrelation function
can be well represented by a single fraction
of dye molecules bound to micelles. Because
of the inherent experimental errors typical of
the classical techniques for c¢mc determina-
tion, this value is in quantitative agreement
with the published c¢mc values.

As for the choice of the dye molecules, our
experiments indicate that different polar-
ity between surfactant head group and dye
molecule is advantageous. Indeed, the clear-
est results are obtained when anionic surfac-
tants are combined with cationic dyes and
vice versa. If the same polarity is chosen for
surfactant and dye, the results are ambigu-
ous and hardly any conclusions on the value
of the ¢me can be drawn. Our experiments
further indicate that the ionic interaction be-
tween dye and surfactant rather than the sol-
ubility of the dye is the crucial parameter for
a successful c¢me measurement by FCS [2].
This fully accords with the finding that for
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non-ionic surfactants the detection of a cmc
is more difficult and the change in the diffu-
sion time is not as large as in ionic surfactants
(see figure 6). In this case a second fraction of
particles appears at 6.5 - 107° M, which coin-
cides with the ¢mc value obtained by classical
methods.

5 Conclusion

We have explored the potential of fluores-
cence correlation spectroscopy (FCS) for the
characterisation of surfactant aggregation in
aqueous solution. Rather than using cova-
lently dye-labelled surfactant molecules, we
have investigated the physical aggregation of
dye molecules to micelles. Our results show
that FCS can be used for cmc determina-
tion in ionic surfactant systems provided that
attractive ionic interactions are present. In
consequence, the advantages characteristic of
FCS (small sample volume, fast measure-
ments) apply and make this technique an at-
tractive alternative to the classical methods
for ecmc detection. We note that the high
sensitivity of the technique (typical dye con-
centrations in the 1078 M regime) allows the
detection of c¢mces in concentration regimes,
which are not accessible by any of the classi-
cal techniques [10].
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