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ABSTRACT: The first attempt to investigate polymer—surfactant interactions in gelling and nongelling
aqueous mixtures of a nonionic cellulose ether and a surfactant by means of vibrational spectroscopy is
presented. A series of aqueous solutions of ethyl(hydroxyethyl)cellulose (EHEC) with addition of anionic
surfactant sodium dodecyl sulfate (SDS) of different concentrations was thoroughly investigated by means
of Raman scattering and FTIR absorption techniques. Our data show that even in the sol state (i.e.,
below the gel point) there are interactions between the polymer and the surfactant, and both bound and
free surfactant molecules were detected. This interaction, which cannot be characterized as a chemical
one, occurs mainly between the side chains of the polymer and the sulfonic acid groups of SDS. Above
the gel point, a new type of interaction appears, which mainly involves the SO;~ groups and water
molecules. The intermolecular interactions are studied vs changes of both temperature and polymer—
surfactant compositions, and a possible model for the gelation process is discussed.

Introduction

Originally, the problem of interactions between poly-
mers and surfactants has arisen from the studies of
biological systems®2 such as proteins and natural lipids.
In recent years, systems formed by hydrophobically
modified water-soluble polymers and surfactants have
gained special attention because of their growing im-
portance for a wide range of technical applications
(pharmaceuticals, paints, oil recovery, etc.).3~% A typical
example of this class of systems is the aqueous mixture
of ethyl(hydroxyethyl)cellulose (EHEC) and the anionic
surfactant sodium dodecyl sulfate (SDS). In the presence
of moderate surfactant concentrations, this system
forms a transparent thermoreversible gel in the semi-
dilute polymer concentration regime at elevated
temperatures.’—° Different physical properties of EHEC—
surfactant systems have been studied by a large variety
of experimental techniques.”~2® NMR self-diffusion ex-
periments revealed® that there is, even in the solution
state, a significant interaction between the polymer and
the surfactant. Moreover, it was shown that the degree
of surfactant binding to the polymer is independent of
temperature when the sol transforms to a gel. It was
found?” that the gelation process is governed by a
delicate interplay between swelling and associative
properties of the system. The general picture that
emerged!>16 was that the gel formation is governed by
factors such as the type of EHEC sample, polymer
concentration, level and type of added surfactant, salin-
ity, and temperature. In this context we may note that
there are several theoretical investigations aimed to
describe the mechanisms of thermoreversible gelation
in solutions of associating polymers.20-22

Most of the previous studies of the EHEC—surfactant
interactions were dealing with macroscopic aspects of
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the systems, and little is known concerning the behavior
on the molecular level. Vibrational spectroscopy consti-
tutes a powerful method to explore the local properties
of the systems. A possible reason for the lack of
spectroscopic investigations on gelling EHEC—surfac-
tant systems may be the fairly low concentrations of
both polymer and surfactant at which the interesting
properties occur. Such conditions make it usually dif-
ficult to record high-quality IR and Raman spectra: long
integrations time and repeated scans in the Raman
measurements are needed, while in the infrared absorp-
tion experiments the thickness of the sample (which is
proportional to the absorption intensity) is restricted by
the absorption of water. Nevertheless, we have made
an attempt to use vibrational spectroscopy to study low-
concentration EHEC/SDS/water systems. The aim of the
work is to obtain information, on a local scale, about
the molecular interactions to gain further insight into
the nature of thermoreversible gelation.

In the present work we will report results from a
Raman/FTIR absorption study on aqueous systems of
EHEC/SDS of various compositions (some characteristic
features of the systems are given in Table 1) and at
different temperatures, representing both the sol and
the gel states.

Experimental Section

Samples. The EHEC sample, designated Bermocoll DVT
89017, was manufactured by Akzo Nobel Surface Chemistry
AB, Stenungsund, Sweden. The degree of substitution of ethyl
groups was Dseiny = 1.9 per anhydroglucose unit, and the
molar substitution of the ethylene oxide groups was MSgo =
1.3 per anhydroglucose unit. The number-average molecular
weight of this polydisperse sample (Myw/M, = 2) is approxi-
mately 80 000. All the above data were given by the manu-
facturer. The surfactant SDS was obtained from Fluka and
was used as received. The detailed procedure of the EHEC
sample preparation and the preparation of homogeneous
solutions have been described elsewhere.® The main charac-
teristics of the samples studied in this work are listed in Table
1.
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Figure 1. IR absorption (- - -) and Raman (—) spectra of solid
EHEC at room temperature.

Table 1. Characteristics of the Present
EHEC-SDS—Water Systems
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Experimental Setups. Raman spectra were recorded with
a Spex double monochromator (model 1403, 1800 lines/mm
holographic gratings) equipped with a C31034 photomultiplier.
The spectral resolution was about 2.5 cm~2. The 488 nm band
of Ar ion laser (Spectra-Physics 2020) was used as an excita-
tion source. During the measurements the solutions were
placed in a sealed glass cuvette with optical windows such that
the path length of the laser beam through the sample was
about 15 mm. Each spectrum presented below was obtained
as a result of averaging of at least 50 scans.

Infrared absorption measurements were made with Bruker
22 (Vektor) FTIR spectrometer. A standard liquid cell (Crystran
Ltd) with polished ZnSe windows, and a path length of 25 um
was used.

Temperature Measurements. It should be noted that for
the same state of the sample (solution or gel) we observed,
within the accuracy of the measurements, no obvious differ-
ences between the spectra taken at different temperatures (for
example, 10 and 25 °C or 45 and 70 °C, respectively).
Therefore, we recorded the spectra without trying to be at the
exact gelation temperature of the considered sample. However,
to avoid phase separation of the samples'® during the Raman
experiments, great care was exercised to set the heating rate
such that the gels were transparent all the time (no signs of
turbidity). By this measure of precaution, we can claim that
all the Raman spectra were recorded for non-phase-separated
systems. In the case of the FTIR measurements it was not
possible to visually inspect the state of the sample. However,
taking into account that the temperature of the cell was not
higher than 45 °C, and also the geometry of the sample cell
(path length of 25 um), we are quite sure that all the spectra
were taken from samples that had not phase separated.

Results and Discussion

Pure Initial Components. Figure 1 shows the
Raman and IR spectra of the pure solid ethyl(hydroxy-
ethyl)cellulose. It should be noted that, among the large
number of spectroscopic investigations carried out on
unmodified or modified cellulose and different poly-
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Figure 2. Comparison of room-temperature IR (A) and
Raman (B) spectra of solid EHEC (—) and its aqueous solution

)

saccharides,?331 we found no study devoted to EHEC.
Therefore, the band assignments made in the present
article are based on reported for the cellulose and some
of its derivatives.?®=31 We furthermore note that the
vibrational spectrum of any cellulose-based compound
is quite complicated and that the simplest structural
unit of cellulose (two pyranose cycles connected with
C—0-—C link) offers as mush as 122 nonzero frequen-
cies.?® However, because of strong overlapping of the
spectral bands (especially at room temperature), the
number of experimentally observed bands is essentially
smaller,?” and the band assignment concerns mostly
different spectral regions. Thus, the frequency interval
between 300 and 900 cm~1 in Figure 1 is characteristic
for the different ring vibrations,?®> whereas the range
1200—1500 cm™! corresponds to the internal deforma-
tional vibrations of CH, CH,, and COH groups.?®2° The
spectral region 700—950 cm~! in Figure 1 may also
reflect peculiarities of the monomer link structure and
is sensitive to the distortions of the pyranose cycle
conformation, as was shown both experimentally and
theoretically.2430

It is well-known?® that both the crystalline structure
and the physical properties of any cellulose-based
compound are affected to a large extent by the state of
the hydrogen bonds. Figure 2 depicts the most impor-
tant changes in the vibrational spectra of EHEC when
the polymer is dissolved in water, and it is clearly seen
from both the IR and the Raman spectra that the band
around 1120 cm™! decreases as the polymer dissolved.
This band mainly includes contributions from the
stretching vibrations (both symmetric and asymmetric)
of the C—O—C bridges between neighboring pyranose
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Figure 3. IR absorption (- - -) and Raman (—) spectra of SDS
aqueous solution at room temperature. Arrows mark the bands
corresponding to the SOz~ stretching vibration (symmetrical
in Raman, antisymmetrical in IR).

cycles (so-called glucosidic links).23:2526 |n the dissolved
state the inter- and intramolecular hydrogen bonds are
broken, and as a result, all glucose rings become more
mobile and can move in different planes. Such a random
(chaotic) motion of the rings will, in turn, strongly affect
the “state” of the C—O—C bridges and hinder the
stretching vibrations of the ring. Thus, the intensity of
the discussed band around 1120 cm~* can be used as a
measure of the rigidity of the system (similar to the
degree of crystallinity).

Figure 3 presents the IR and Raman spectra of SDS
solution in water (salt concentration about 0.01 mol %).
The most characteristic band is marked with an arrow,
corresponding to the stretching vibration of the SO3~
groups (of symmetric character in Raman whereas
asymmetric in IR), and in this work used as a “finger-
print” of SDS. The other spectral bands of SDS in Figure
3 are evidence of different types of C—C and C—H
vibrations of the 1-dodecene.3® We will not consider
these bands in the following, because they overlap with
the EHEC bands of similar origin, and the low SDS
concentration makes it practically impossible to carry
out any precise analysis of their contribution.
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EHEC-SDS Interaction at Room Temperature.
The addition of SDS to the agueous EHEC solution
causes several specific changes in the EHEC spectra.
Figure 4 shows the IR absorption spectra of the EHEC/
SDS/water systems at a constant EHEC concentration
(4 wt %) and for different levels of SDS addition. It is
immediately seen that with increasing SDS addition
there are almost no transformations observed in the
spectral region 1000—1180 cm™1, corresponding to the
different glucosidic ring vibrations,2326 whereas in the
range between 1180 and 1330 cm~! we note some
characteristic changes (see inset in Figure 4). A new
band centered at 1210 cm~! appears in the spectrum
as the surfactant concentration increases, and moreover,
the intensity of the band at about 1250 cm™1 rises. Both
the latter features can be ascribed as evidence of
vibrations of the SOz groups in SDS (see Figure 3). In
the frequency region 1280—1330 cm~! the weak and
broad absorption band, corresponding to the wagging
and twisting vibrations of CH; groups of the EHEC,23:25
vanishes with surfactant addition. At the same time,
the bands of the CH> bending vibrations (at about 1350
and 1375 cm™1) are practically unchanged. The same
behavior was also observed for samples with lower
EHEC concentration (samples C—D—E—F, see Table 1)
and may be explained by a decrease of the CH, mobility;
i.e., the CH, groups become more fixed with surfactant
addition. From the character of the CH, band transfor-
mation (the decrease of those bands corresponding to
the vibrations of the only whole groups), we conclude
that the interactions in the system are rather weak and
cannot be attributed to chemical interactions. The
finding agrees well with the previously reported conclu-
sions617 that the polymer—surfactant interactions are
governed by electrostatic and hydrophobic interactions.

Figure 5 shows the Raman spectra of the samples
with no SDS (G) and with 20 mm SDS (L). The spectrum
of pure SDS is also included for comparison. It is seen
that the main spectral changes occurring with surfac-
tant addition are the contributions of the SDS bands.
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Figure 4. IR absorption spectra of EHEC aqueous solutions (4 wt %) with different SDS concentrations (at room temperature):

(=) no SDS; (- - -) 4 mmol; (- - -) 10 mmol; (- *- -) 20 mmol.
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Figure 5. Raman spectra of 4 wt % EHEC aqueous solutions

without (—) and with 20 mmol (- - -) SDS. The spectrum of SDS
aqueous solution (bottom curve) is included for comparison.
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Figure 6. Raman spectra of 4 wt % EHEC aqueous solutions
with different SDS concentrations: (—) no SDS; (- - -) 4 mmol;
(- + =) 20 mmol; (- ++ -) 20 mmol. Arrow marks the band of SO3~
symmetrical stretching vibration.

It is important to stress that the unshifted frequency
position of the SO; symmetrical stretch (at 1060 cm™1)
explicitly shows that at room temperature in the
EHEC-SDS system there are still SO3~ groups in the
“dissolved” state; i.e., they only interact with water
molecules. It should be noted that “dissolved” SOj;
groups are observed in the spectra even when the
amount of SDS is low (4 mm), and the intensity of the
band gradually increasing as the SDS concentration
increases (see Figure 6). However, curve-fitting proce-
dures carried out for the G, H, K, and L samples in the
frequency envelope 1000—1200 cm~! (presented in
Figure 6) show that the increase of the relative intensity
of the discussed band is not a linear function of the SDS
concentration. The last finding is consistent with that
reported from a previous self-diffusion NMR study,®
where it was found that both the bound and free SDS
fractions rise with surfactant concentration. In the cited
NMR study it was also argued that the surfactant self-
diffusion experiments revealed strong SDS—EHEC in-
teractions, which apparently is in conflict with the
statement above that the interaction in the systems are
rather weak. However, the NMR results presented in
ref 9 do not allow to decide whether the polymer—
surfactant interaction is strong or not, but they merely
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Figure 7. IR spectra of several EHEC/SDS/water systems in
sol (—) and gel (- - -) states. Letters denote the sample type
(see Table 1).

establish that the amount of surfactant bound to the
polymer is high.

Itis also seen in Figure 5 that in the frequency range
350—950 cm™1, which is characteristic for the ring
vibrations,?® the spectra of the solutions with and
without added surfactant are practically identical, sug-
gesting that the SDS molecules do not interact with or
affect the glucose rings (at least at SDS concentrations
up to 20 mmol).

Changes during Sol—Gel Transition The temper-
ature scans in Figure 7 show the IR spectral changes
of some selected samples upon gelation. The most
striking changes are the increase of intensity of the band
around 1120 cm~! (C—O—C bridges) and the simulta-
neous decrease of the band at 1075 cm™1. The increase
of the 1120 cm~! band can be explained by a decrease
of the mobility of the cellulose rings (see discussion in
the “Pure Initial Components” section). On the other
hand, the spectral decrease of the band located at 1075
cm™1, assigned to the skeletal vibrations of the rings,
involving the C—O ring stretching,232% also suggests
that the rings become less free (or more bound) in the
gel state.

A comparison of the Raman spectra for different
samples in the sol and gel states is presented in Figure
8. A decrease of the intensity of the band at 1060 cm™2
(SO3 symmetrical stretch) with gelation is observed for
all samples, which indicates that the gelling process
affects the sulfonic acid groups. However, since this
band does not disappear completely in the gel state,
some of the SO3;~ groups are still coordinated with the
water molecules when the gel is formed.
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Figure 8. Raman spectra of several EHEC/SDS/water sys-
tems in sol (solid line) and gel (open circles) states. Letters
denote the sample type (see Table 1).

The most characteristic spectral changes, when going
from the sol to the gel state, can be detected in the
frequency range corresponding to the glucose ring
vibrations (700—950 cm™1). Although the general spec-
tral profile remains more or less the same, one can
observe that with gelation all bands in this region
become more distorted, and the center of gravity of the
whole spectral envelope shifts toward lower frequencies.
Such spectral behavior suggests that the glucose rings
are more strongly affected now by the interactions. We
note that this is consistent with the present IR results.
The changes are dependent on the level of SDS addition,
being essentially smaller for samples with high SDS
content than for low SDS content samples (compare,
e.g., the spectra for the H and L samples in Figure 8).
This may be due to the fact that at high surfactant
concentrations no temperature-induced gel is formed,1516
and the mobility of SOz~ groups is only slightly influ-
enced by temperature. At high levels of surfactant
addition, the network is disrupted, and the connectivity
necessary for the formation of the gel network cannot
be reestablished at elevated temperatures.t®

Comparing the changes of the spectra for samples
with the same SDS content but with different EHEC
concentration (samples B and H), one can see that,
despite the same level of SDS addition of both samples
(4 mm), the spectrum of sample B shows a behavior
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Figure 9. Raman spectra of 2 wt % EHEC aqueous solution
at 25 °C (—) and 45 °C (- - -).

reminiscent of that of the system (sample L) with a high
surfactant addition (20 mm). It indicates that the
gelation process not only is a function of the absolute
surfactant level but also is rather dependent on the
SDS-to-EHEC concentration ratio. The finding is sup-
ported by the results from a recent oscillatory shear
study.1®

To be sure that the spectral variations discussed
above are true characteristics of the temperature-
induced sol—gel transition in the EHEC—SDS systems,
we have also investigated the temperature dependence
of the spectra obtained from aqueous EHEC samples
without SDS, systems which do not form thermorevers-
ible gels. Figure 9 shows Raman spectra of the sample
C (2 wt % EHEC, no SDS) at room and elevated
temperatures, and it can be seen that the temperature-
induced alterations of the spectrum for the surfactant-
free sample have a different character than those for
the samples containing SDS. The most striking change
is observed in the region 700—900 cm™%, where a new
strong band appears at 800 cm~! with raising temper-
ature. In the case of EHEC—SDS systems we noted the
general disturbtion of the spectral bands in this region
with the downward shift of the gravity center (see
Figure 8), whereas in the pure EHEC solution the new
band becomes dominant in the considered envelope, and
its intensity is visibly higher than those of the other
bands. It is possible that the prominent spectral change
may be associated with the formation of large “lumps”.
Indeed, recent small-angle neutron scattering experi-
ments!’ have revealed the formation of large polymer
“lumps” in the EHEC/water systems at elevated tem-
perature which increase in size with raising tempera-
ture.

We have also investigated during gelation the behav-
ior of water which plays an important role in the
polymer—surfactant interaction. Figure 10 displays
Raman spectra of the different samples in the sol and
the gel states in the frequency region of the HOH
bending vibrations. It is seen from the spectra that the
relative intensity of the H,O bending vibrations is lower
in the gel state than in the corresponding solution,
which shows that the strength of the hydrogen bonds
rises upon gelation. Indeed, it is well-known that the
oscillator strength of the HOH bending mode decreases
rapidly with increasing H-bond strength32-34 (for in-
stance, through the series vapor, liquid, amorphous ice,
crystalline ice). Thus, the decrease of the band intensity
was observed upon aggregation of water molecules,32
with lowering of the temperature of the amorphous ice,*?
or upon the transition from amorphous to cubic ice.3* It
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Figure 10. Raman spectra of several EHEC/SDS/water
systems in sol (—) and gel (- - -) states in the frequency region
of HOH bending vibration. Letters denote the sample type (see
Table 1).

is also seen from Figure 10 that degree of the H-bond
strengthening is proportional to the level of the SDS
addition (compare samples H and L).

The findings discussed above suggest that at low SDS
concentrations the intermolecular interaction is mainly
of “SOs—glucosidic ring” character, whereas at higher
concentrations it is better described by an interaction
of the “SOz—water—S0Oj3” type. This is consistent with
the general view on the gelation process,'>16 namely,
that at low levels of surfactant addition the surfactant
is bound to the polymer chains, while at high surfactant
concentrations the polymer is “saturated” with the
surfactant and surfactant micelles are formed in the
solution outside the polymer chains.

Conclusions

From the results of the present Raman and IR studies
and from previous findings reported from other experi-
mental techniques, the following picture emerges:

(i) There is an interaction between EHEC and SDS
even at temperatures below the gel point, i.e., in the
solution state, though the effect is weak and can hardly
be characterized as a chemical interaction. SDS inter-
acts mostly with the side chains of the EHEC molecules,
and it does not seriously affect the cellulose rings. It is
also possible that some of the SOj3; groups of SDS
interact with the EHEC molecules.
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(i) When the temperature rises, a new type of
interaction appears in the system that may be associ-
ated with enhanced chain mobility. The most prominent
one is the interaction between the SO3; groups of SDS
and the glucose rings, which leads to an essential
decrease of the mobility of the rings and also to their
deformations. We have found that this interaction
depends on the SDS concentration and that the SDS-
to-EHEC concentration ratio plays an important role.
The strength of the “SOs;—glucose rings” interaction
seems weaker with rising SDS concentration. This can
be explained by self-organization of the SOz groups via
the water molecules. In other words, when the concen-
tration of SOz groups is high enough, they start to
associate with each other. It means, in turn, that
relative interaction of these groups with the EHEC rings
will decrease with increasing polymer concentration.

(iii) Clear changes in the state of water occur with
gelation. In the gel state the hydrogen bonds between
water molecules become stronger. Moreover, the degree
of H-bond strengthening increases with the level of SDS
addition, which suggests that this effect is inspired by
the SO3~ groups.

The role of water in the polymer—surfactant interac-
tion is still not clear, especially during the transition
from sol to gel. As pointed out above, we found that the
Raman spectra show changes in the state of water with
gelation, though the behavior needs to be further
investigated.

Another issue that is not discussed in this work is
the participation of the sodium ion in the interactions.
It is obvious (from a general point of view) that Na™
takes part at least in the SOz—water coordination. In
principle, there are two ways to clarify this question.
First, one can use the set of surfactants with different
cations (i.e., for example lithium or potassium DS, etc.)
in order to separate out the spectral features charac-
teristic for the processes involving metal ions. Second,
one may use other experimental techniques such as
NMR which allow to test the local coordination of the
cations. However, due to the low surfactant concentra-
tions in real systems, it will be extremely difficult to
detect any spectral evidence related to this issue.
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