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ABSTRACT: The influence of terminal hydrophobe branching on the micellar properties of Hydropho-
bically modified Ethoxylated URethanes (HEURS) is addressed through fluorescence, dynamic light
scattering (DLS), solution rheology, and Raman spectroscopy. Model HEURs used in this study are
monodisperse and fully substituted with hydrophobic groups of different structures. Two linear
hydrophobes (I-C12H2s and I-C16H33) and three branched hydrophobes [b-(C12H26), b-(CisH34), and b-(CzoHaz)]
are coupled to the hydroxyls of POEsz and POEgs through 4,4-methylene bis(dicyclohexyl)diisocyanate
(H12MDI) units. Prior low molecular weight surfactant studies observed that a CH; group, introduced as
a branch from a linear hydrophobe, contributes approximately half to the surfactant’'s hydrophobicity
that the same CH; unit would add to the linear chain. Within hydrophobe equivalent comparisons, greater
hydrophobic domains are indicated in pyrene’s I./l3 emission ratio for the linear hydrophobe HEURs,
denoting a more hydrophilic core in branched HEURs. An increase in the number of —CH,— groups notably
influences aqueous solution viscosities, as expected, but among equivalent hydrocarbon comparisons,
the moderate-size linear hydrophobe is more viscosifying than the branched hydrophobe at high
concentrations. Viscosity increases correlate with the aggregation sizes estimated from DLS studies as
aggregate sizes approach 500 nm, covering small to large hydrophobes and different oxyethylene spacer
lengths. Conformational differences (Raman spectroscopy) of poly(oxyethylenes) and HEURs under
stagnant and flow conditions are also examined. The presence of byproduct impurities can markedly

8449

influence these results.

Introduction

Surfactant-modified, water-soluble polymers (W-SPs)
offer several advantages over nonmodified W-SPs in a
number of applications. The advantages include changes
in rheological profiles (e.g., controlled viscosities at low
shear rates without large elastic responses at high
deformation rates) and the ability to stabilize disperse
phases through competitive adsorption in an environ-
ment containing surfactant. Much of the history and
progress in this area have been described in the
introduction of a previous article,! in the last of several
Advances in Chemistry books,? and in a recent review
article.® Of the compositional possibilities available in
surfactant-modified W-SPs, only the Hydrophobically
modified, Ethoxylated URethanes (HEURS), if prepared
by a non-step-growth synthesis, offer the clarity of
composition needed in model studies.

Our prior HEUR studies have included examination
of different geometries with short oxyethylene spac-
ings,*® linear polymers with variable terminal hydro-
phobe sizes separated by larger ethoxylate spacings,®
and the influence of broad molecular weight distribu-
tions with different terminal hydrophobe sizes. The
latter mixtures also contain underivatized oxyethylene
components.>78 The current contribution examines the
influence of branching of the terminal hydrophobes on
micellar behavior and solution rheology. To place these
studies in perspective, the prior observations in low
molecular weight branched surfactants are reviewed
below.

*To whom correspondence should be addressed. E-mail:
eglass@fargocity.com.

T Originally presented at the National Meeting of the American
Chemical Society, Boston, MA, 1998, Colloid Division.
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Prior Conventional Surfactant Studies. In one of
the first branched surfactant studies,® Wade’s group
observed that surfactant structure among ethoxylated
alkyl phenols had a significant effect on the solubility
and on the interfacial tension of microemulsions. If the
hydrophilic and lipophilic moieties of the surfactant
were increased simultaneously via hydrophobe branch-
ing in concert with the correct ethoxylation level,1011
surfactant groupings were obtained that exhibited
optimum behavior in microemulsions.

In studies reported'?!® from Exxon’s laboratories,
hydrocarbon chain branching resulted in a higher
critical micelle concentration (cmc), and was attributed
to steric hindrance to aggregation. For example, the cmc
of branched sodium dodecyl sulfate (b-SDS) was ob-
served to be ~2 times higher than the linear analogue
(SDS), but was 1 order of magnitude lower than that of
sodium octyl sulfate. The introduction of chain branch-
ing also influenced the equilibrium surface tension and
effectiveness in reducing the dynamic surface tension
at the air—water interface. Branched surfactants should
therefore offer an advantage in reduced foaming in
surfactant applications.

In branched sulfate and ethoxy sulfate surfactants,
hydrocarbon chain packing, probed in water and 0.1 N
NaCl solutions, revealed differences'# in the microstruc-
tures of micellar aggregates (FTIR and fluorescence,
15-50 °C). The micellar microstructure of the beta-
branched hydrophobes is sensitive to electrolyte addition
but insensitive to temperature, while that of the linear
hydrophobe is insensitive to electrolyte addition but
sensitive to temperature. The micropolarity of aqueous
micellar solutions of ethoxylates, sodium ethoxy sul-
fates, and sulfates derived from linear and branched
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hydrocarbon alcohols also were investigated,'® using a
solvatochromic pyridinio-N-phenoxide betaine, ET-30,
polarity probe. Branching of the hydrophobe resulted
in a more porous micellar aggregate. Increasing the
temperature was observed to expel water from the
hydrophobic regions of the aggregates and decrease the
effective micropolarity in linear and branched surfac-
tants.

In the discussions to follow the influence of terminal
hydrophobe branching on the micellar properties of
Hydrophically modified Ethoxylated URethanes (HEURS)
are addressed through fluorescence, dynamic light scat-
tering, and solution rheology. The model HEUR thick-
eners used in this study are monodisperse and fully
substituted with hydrophobic groups of different struc-
tures. Two linear hydrophobes (I-C12Hzs and 1-Ci6Hz33)
and three branched hydrophobes (b-(C12H26), b-(C16H34),
and b-(CyoH42)) are coupled to the hydroxyls of POEgy7g
and POEjgs through 4,4-methylene bis(dicyclohexyl)-
isocyanate (H12MDI) units. It has been delineated in
conventional surfactant studies that a CH, group,
introduced as a branch from a linear hydrophobe,
contributes to the surfactant’'s hydrophobicity approxi-
mately half that of the same CH, unit added to the
linear chain.13-16 An ideal comparison, therefore, would
be between a linear-C1,Hs and a di-CgH;7 (i.e., branched-
Ci6Ha34), or between a linear-C;sH3; and a di-CyoHy (i€,
branched-CyoH,2). The linear C15H3;0H precursor was
not readily available, so the later comparison is made
with a linear-C,;5H330H adduct to the HEUR chain.

Experimental Section

Materials. The molecular weights of the poly(oxyethylenes)
(POEs) obtained from Union Carbide and Fluka were reported
to be 35 000 and 8000, respectively. Hydroxyl number titra-
tions were performed according to the pyromellitic dianhy-
dride/imidazole method?’ to accurately determine the molec-
ular weights. H;,MDI, supplied by Miles, was gravity filtered
before use. Isocyanate numbers were determined using dibu-
tylamine and back-titrating to obtain the concentration of
isocyanate. Toluene and tetrahydrofuran (THF) were distilled
and kept dry over molecular sieves before use. Water used for
viscosity measurements was passed through a Milli-Q (Milli-
pore) ion exchange column and distilled from KMnQO, solutions.
Dibutyltin dilaurate (95%) was obtained from Aldrich and used
as received. The hydrophobes (1-dodecanol, 1-hexadecanol,
dihexylamine, dioctylamine, and didecylamine) obtained from
Aldrich were used as received.

Synthesis of Hydrophobe Modified Poly(oxyethylene).
The following thickeners are described as uni-HEURs to
signify that they are not made by a classic step-growth reaction
that produces broad molecular weight distributions. The
synthesis procedure follows those previously described*5
(excluding the step-growth synthesis also used in ref 1). The
reaction sequence uses an excess of diisocyanate to avoid chain
extension (Scheme 1; stirred for 4 h at 45—50 °C). Their
molecular weights are given in Table 1. The thickeners were
purified by dissolution in hot acetone, gravity filtration, and
precipitation in petroleum ether. This procedure was typically
done three times to remove excess diurea and diurethane
products due to the excess of diisocyanate. In these syntheses
there is an excess of the diisocyanate that will react with the
excess of hydrophobe added to produce byproducts (e.g., a
diurea if the second adduct is the branched hydrophobic amine
or a diurethane if the second adduct is a hydrophobic alcohol).
The diurethane byproduct is not removed without the final
methanol extraction and reprecipitation in petroleum ether.
This difference is important in obtaining clear aqueous solu-
tions.

Fluorescence. The quencher, benzophenone (+99%), was
used as received from Aldrich. The probe, pyrene (+98%,
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Scheme 1. Synthesis of Narrow Molecular Weight
Hydrophobically Modified, Ethoxylated Urethane
(HEUR) Associative Thickeners

(1) HO-(CH,CH,0)g7-H + (30eqv) O:C=N<:>—CH2<:>-N:C:O
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into petroleum ether
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Table 1. Characterization of Model HEURs

% hydrophobe

thickener My Mn  My/Mp2 substn (+£4.0%)°
(b-(C12H26)/H12MDI);EQg70 29 300 25600 1.1 100
(b-(C12H26)/H1sMDI),EOgs 8200 6600 1.2 95
(1-(C12H25)/H12MDI1),EQg70 28 300 25000 1.1 96
(1-(C12H25)/H1;MDI),EOQ19s 6700 5800 1.1 96
(b-(C16Ha4)/H1sMDI),EOg70 28 700 24300 1.2 96
(b-(C16H34)/H12MDI),EOz9s 8000 7000 1.1 95
(b-(C20H42)/H12MDI),EQg70 28 800 24700 1.2 98
(b-(C20H42)/H12MD|)2E0195 7 100 6 100 12 94
(1-(C16H33)/H12MDI),EQg70 29 300 25400 1.2 95
(1-(C16H33)/H1sMDI),EO6s 7000 5900 1.2 94

2 The molecular weight distribution data were determined from
GPC measurements.2>7 b1H NMR of the modified POEs were
recorded using a JEOL GSX-270 MHz Fourier transform NMR
spectrometer with deuterated chloroform as the solvent and 1,4-
diflorobenzene as the standard for quantitative measurements.

Aldrich), was purified by recrystallization (two times) from
absolute ethanol. Solutions for critical aggregate concentration
(cac) measurements were prepared according to the following
procedure. The surfactant or thickener solution was weighed
into a 20-mL vial and diluted to a 1 g total weight with distilled
water. This solution was diluted to 10 g with the filtered
pyrene-saturated solution, so that the concentration of pyrene
was kept constant and less than 107 M. Solutions for
quenching experiments were prepared as follows. A thickener
stock solution was prepared by dissolving the powder in
pyrene-saturated water and rolled in the dark for 24 h. A
portion of these solutions was saturated with benzophenone,
and the mixtures were put on the roller in the dark for 24 h.
After centrifugation or filtration, aliquots of the benzophenone-
saturated solutions were prepared in the concentration range
of 0 to 2 x 107* M, and then added to the thickener/pyrene
solutions. The UV absorption spectra were recorded with a
Hewlett-Packard 8450A diode array spectrometer. Steady-
state fluorescence spectra were recorded on a SPEX 2T2
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Figure 1. Raman flow cell.

Fluorolog fluorometer using a xenon lamp as the light source
and equipped with a DM3000F data system.

Fluorescence emission spectra (A = 350—450 nm) were
recorded at room temperature for the probe (pyrene). The
excitation wavelength was set at 334, nm and the bandwidths
were set to 3 nm for excitation and 1.5 nm for emission. The
intensity ratios at the first vibronic peak (4 = 372 nm) and at
the third vibronic peak (4 = 383 nm) in the pyrene emission
spectra, 11/13, were used to determine the cac of the thickeners.
In the determination of a mean aggregation number, N, the
ratios of fluorescence intensities in the absence and presence
of quencher (benzophenone) were calculated as the ratios of
the integrated spectral areas (in wavelength units, from 350
to 450 nm).

Dynamic Light Scattering and Rheology. Particle size
measurements were performed on a NICOMP 370 dynamic
light scattering instrument from Particle Sizing Systems.
Diffusion coefficients (D) were extracted from the fluctuating
light scattering signal through an autocorrelation function, and
then used to determine particle size (R) through the Stokes—
Einstein equation (D = KkT/6anR). Either a Gaussian or
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NICOMP (inverse LaPlace transform) distribution analysis
was used depending on if the particle size distribution was
unimodal or bimodal, respectively. All solutions were filtered
(1000 nm) prior to examination and run at 25 °C. To all HEUR
solutions 2 mM SDS was added to obtain solubility.

Steady state, low shear rate viscosities were measured using
a Brookfield cone and plate viscometer. Ramped viscosity
profiles (6 min) and oscillatory measurements were recorded
using a Carri-Med controlled stress rheometer (4 cm with a
2 °C cone angle and a double concentric cylinder geometry
(R1y = 20.00 mm, R, = 20.38 mm, R; = 21.96 mm, cylinder
height = 20.50 mm, for low viscosity solutions).

In both the DLS and fluorescence studies there are many
assumptions in interpreting the results with HEUR solutions,
which are questionable as the viscosity is increased with
increasing hydrophobe size.

Raman Spectroscopy. Raman Spectra were run on a
Bruker Equinox 55 FRA106 Raman module system equipped
with a Nd:YAG laser, CaF, beam splitter, and a Ge detector.
The spectral resolution was set to 4. The laser was operated
at 560 mW power for 2000 scans at 4 kHz scan velocity.
Samples were passed through a homemade flow cell (Figure
1) with a mirror backing for increased signal-to-noise ratio.
All samples were run at room temperature (25 °C).

Results and Discussion

Fluorescence. A. Examination of Hydrophobe
Structure on Critical Aggregation Concentrations
(cac’s). The I/l intensity ratios for pyrene fluorescence
as a function of model HEUR concentrations are il-
lustrated in Figure 2. In contrast to the sharp decrease
in the pyrene emission ratio, I:/l3 in normal aqueous
surfactant (i.e., SDS or Triton X-100) solutions, the
11/13 transition for the HEUR solutions (using the low
EO spacer length to minimize solution viscosities) occurs
over a broad concentration range (1077 to 2 x 1073 M).
A gradual formation of hydrophobic domains, beginning
with dimers, trimers, etc., is responsible for the gradual
association. The critical aggregation concentration (cac)
of model HEURSs is taken in this study as the inflection
point in the I1/l3 ratio as it enters the plateau at higher
concentrations, 2 (£1) x 1075 M. Short EO spacing,
HEUR1gs5, derivatives are emphasized in most of our
fluorescence studies to avoid viscosity distortion of the
fluorescence responses at the higher HEUR concentra-
tions. Among the linear HEURs, the I-Ci6H33 has a

(R
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Figure 2. Dependence of l./l3 pyrene ratio on HiMDI-HEUR1gs, with structurally different hydrophobes, aqueous solution
concentration. Hydrophobe symbols: (®) b-Ci2Has; (€) b-CisH34; (O) I-C12Hzs; () I-CisHaz. The b-CxoH4, data are omitted for clarity.
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lower cac than the I-Ci2Hys HEUR, and the same
can be said for the branched hydrophobe HEURs
with increasing carbon content (Figure 2). With a
change in the number of CH, groups the changes in the
fluorescence spectra could be related to the viscosity
behavior of the materials within each series. The
b-CoH4,—HEUR data are approximate with the I-C1oH2s
data and are omitted for clarity, but this pair empha-
sizes a lack of comparative difference detracting from
the fluorescence cac—viscosity relationship: the former
is far more viscosifying than the latter, and this is not
reflected in the fluorescence data. The differences in the
fluorescence data may in part reflect the relative
solubility of pyrene in the different hydrophobic do-
mains,!® indicating that the branched hydrophobes
provide a more hydrophilic environment. Corresponding
data with larger EO spacings also were run, with
general agreement but with wider variations.

B. Mean Aggregation Number, N, in Model
HEUR Aqueous Solutions at 1.77 x 1074 M. The
mean aggregation number, N, represents the mean
number of surfactant monomers in a micelle or of chain
ends in an HEUR aggregate. Since fluorescent probe
techniques are more reliable for the determination of
N due to their insensitivity to intermicellar interactions
and straightforward data processing,1?2° these methods
have been employed, in many studies, in preference to
a number of classical colloidal measurements, such as
light scattering, X-ray scattering, and gel filtration. In
this study, the steady-state fluorescence method with
pyrene as the luminescent probe and benzophenone as
the quencher has been used. This method proposed by
Turro and Yekta for anionic micelles?® has been ex-
tended to cationic and nonionic micelles®? and to
polymer—surfactant?®-28 systems.

The relative fluorescence intensity of a probe is
related to the quencher concentration [Q] and the
micelle concentration [M] by the expression

In(ly/1) = [QV[M] 1)

where 1y is the emission intensity in the absence of
guencher and lq is the emission intensity in the presence
of quencher. The slope of In(lo/lg) vs [Q] yields the
micelle concentration [M]. The micelle aggregation
number Ngs is determined from

N, = (S — cmc)/[M] (2)

where S is the total surfactant concentration in the
solution and cmc is the critical micelle concentration.

For HEUR solutions, the aggregation number N can
be determined from

N = (C, — cac)/[M] 3

where C, is the hydrophobe group molar concentration
and cac is the critical aggregation concentration of model
HEUR aqueous solutions.

Although the steady-state fluorescence quenching
method has been criticized for underestimating ag-
gregation numbers when materials such as salts are
added to the systems,192930 this method is used to
determine N when the experimental conditions are
chosen with care.?43132 The pair, pyrene/benzophenone,
used in this study nearly satisfies the conditions.2532:33
The steady-state fluorescence quenching method yields
consistent N values for surfactant—polymer solutions
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Table 2. Aggregation Numbers of Model HEUR Aqueous
Solutions at 1.77 x 104 M

thickener2 [M] x 105 (M) N (£1)
(b-(C12H26)/H12MDI)2EO670 7.0 5
(b-(C12H26)/H12MDI)2EO195 6.1 6
(I-(C12H25)/H12MDI)2EO670 6.0 6
(I-(C12H25)/H12MDI)2EO105 5.3 7
(b-(C16H34)/H12MDI)2EO670 7.3 5
(b-(C16H34)/H12MDI)2EO195 6.2 6
(b-(C20H42)/H12MDI)2EO¢70 5.9 6
(b-(C20H42)/H12MDI)2EO105 5.3 7
(I-(C16H33)/H12MDI)2EO670 6.6 5
(I-(C16H33)/H12MDI)2EO195 4.8 7

a For dissolution in water, all aqueous solutions of fully modified
model HEURs were prepared with the addition of 0.1 mM SDS.
The cmc of SDS is 8.2 mM.
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Figure 3. Aggregation number dependence on concentration

of HEURs with POE;gs spacings. Hydrophobe symbols: (O)
1-C12H3s; (O) I-Ci16Ha3; (@) b-Ci2Hze; (@) b-CisHss; (M) b-CaoHae.
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Figure 4. Aggregation number dependence on concentration
of b-C12H26 Hiz2MDI-HEURs with different EO lengths. Sym-
bols: (@) POEgs spacer; (H) POE;; (a) POEg7o spacer.
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with those obtained using time-resolved fluorescence or
other techniques.34-36

A linear dependence of In(lg/lg) on quencher concen-
tration is observed for [Q]/[M] < 2. Since the data points
correspond to a best-fit linear curve, the Poisson sta-
tistics assumed in the derivation of eqs 2 and 3 are
assumed valid.?! To compare the aggregation numbers
among the model HEURs with different oxyethylene
(EO) spacer lengths and different terminal hydrophobe
groups, the concentration for all model HEUR solutions
is kept at 1.77 x 10~ M, approximately 10 times their
cac, but at a concentration where solution viscosities are
low. The aggregation numbers of all model HEUR
aqueous solutions at 1.77 x 10~ M are summarized in
Table 2. Within experimental error there is no differ-
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Figure 5. Median aggregate sizes for aqueous R—H;;2MDI—HEURg7 solutions at low concentrations.

ence. Until recently essentially all of the aggregation
numbers, determined on well-defined materials, were
on one type of thickener: the I-C12H2s hydrophobe linked
to a POE by only an ether linkage. Although all of the
hydrophobes in the current study are significantly more
hydrophobic than the ether linked CiHps material,
because of the H1,MDI linkage, the aggregation num-
bers listed above are in general agreement with the
previously values of J. Francois and co-workers.3”

Although the differences are small (Table 2), there
appear on average to be a higher aggregation number
with the smaller EO spacing in this study. This would
be consistent with the prior studies for the intrahydro-
phobe associations of POE1p, and POE,qo with terminal
pyrene groups.3® In the POEg7o molecular weight range
coupled with octadecyl and hexadecyl monoisocyanate,
Russel and co-workers,3 using dynamic light scattering
(DLS) and intrinsic viscosities, have reported aggrega-
tion numbers (N) of 33 and 20. Using fluorescence
studies Winnik’s group observed the N values of these
compounds, at concentrations significantly higher than
those in Table 2, to be half the values determined by
the DLS/intrinsic viscosity approach. Considering the
differences in viscosity efficiencies and aggregate size
variations with increasing hydrophobe size (DLS dis-
cussed below), the lack of variation in N values in Table
2 is surprising, but the extent of association is depend-
ent on concentration and, in this study, on the concen-
tration selected as the cac.

The mean aggregation numbers as a function of
HEUR concentration for different hydrophobe sizes in
the R—HEUR;g5 family are illustrated in Figure 3. The
data in Figure 2 provide a more meaningful projection

that a difference in viscosity will occur with increasing
hydrophobe size; this is related to our selection of the
upper inflection point in Figure 2. The simple analysis
reflected in the magnitude of the Ii/l3 ratio, given a
variation related to the hydrophobicity of the core (linear
vs branched), is more reflective of the data in the
following sections.

Finally, in the earlier fluorescence study, the ag-
gregation behavior of the I-C12H3s connected to POE by
an ether unit (Williamson synthesis) was dependent on
the POE spacer length up to 450 EO units.?” The data
in Figure 4 for the least hydrophobic terminal group in
this study, b-C;oHje, observed that the aggregation
numbers increase with decreasing EO lengths, in agree-
ment with the prior study. There are viscosity limita-
tions with the larger hydrophobes that are connected
to POE by a hydrophobic diisocyanate in this study that
limit the upper concentrations that can be used. Even
at lower concentrations, smaller viscosity differences
may be restrictive in data interpretations because of the
assumptions needed in data interpretation.

C. Dynamic Light Scattering (DLS). Calculations
of the size of POEg7g and POE1g5 from an equation using
weight-average molecular weights*® provide a diameter
size of 5.1 and 2.6 nm, respectively. In this study the
number-average molecular weight would be more ap-
propriate. The experimental values determined with a
Nicomp 370 dynamic light scattering device provide a
median value of 1.4 nm. Many assumptions in this and
in the fluorescence technique are required to compare
the results with the rheology data in the next section.

The emphasis in this phase of our study is on two
branched hydrophobes at the viscosify extremes:
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Figure 6. Median aggregate sizes for aqueous R—H1,MDI—HEURs7, solutions at higher concentrations.

b'Cleze_leMDl and b-C20H42_H12MD|. The pyrene
emission ratio, li/ls, begins to fall for both HEURs
around 107 M. Slightly above this concentration (3.4
x 1076 M), the smaller hydrophobe with the largest EO
spacer, (b-Ci1oHzs—H12MDI),—HEURg7o, solutions ex-
hibit two median sizes (Figure 5A). The larger median
size of 40 nm is a grouping of hydrophobe associations
that represent an aggregation size in excess of a
flowered micelle. In the most recent publication on HDU
and ODU?®® HEURSs, the authors conclude that the
micelle radii are 17 and 20 nm, respectively. The Hi,-
MDI coupler used in this study accounts for our values
being double the HDU and ODU values. In the past
decade there has been no examination of Hi2MDI in
HEUR thickeners, but it is the commercial diisocyanate
of choice because of its hydrophobicity. Another pos-
sibility for the difference is the addition of small
amounts of sodium dodecyl sulfate to all narrow molec-
ular weight model HEURs. We have taken this ap-
proach since 1989* to avoid phase separation in all of
our model HEUR studies. With increasing concentration
(up to 6.8 x 1075 M, 0.2 wt %, Figure 5B) a modest
increase in size to 50 nm is observed with concentration
increases. When the considerably more hydrophobic
thickener, b-CyoH4—H1:MDI—HEURg7g, is examined in
this concentration range, the median size of the associa-
tive aggregate is larger (Figure 5C,D) at the higher
concentration. As the number of aggregates grow, the
possibility of interbridging increases, complemented by
a greater residence time of the associations of the larger
hydrophobe. At 0.2 wt %, the larger hydrophobe ag-
gregate size is observed as a bimodal distribution at 6.9
x 1075 M (Figure 5D), with median sizes of 20 and 100
nm.

This bimodal distribution of aggregates is observed
with the smaller hydrophobe at a higher concentra-
tion, 1.02 x 104 M (0.3 wt %, Figure 6A). Both median
sizes in this distribution increase in size as the con-
centration is increased to 1.37 x 1074 M (0.4 wt %,
Figure 6B). With the larger more hydrophobic species,
b-CyoHs2,—HEURg70, at the higher concentrations
(Figure 6C and D), the median aggregate sizes are
larger than observed with the smaller hydrophobe
b-C1oH26—HEURg70. At 1.39 x 1074 M (0.4 wt %),
b-CyoHs2—HEURe70 exhibits a trimodal distribution
(Figure 6D) with the largest median aggregate size of
500 nm. No sizes larger than this median were observed,
so the ordinate was held at 500 nm to conform with the
other DLS data. It is at this concentration that the
viscosity begins to dramatically increase (discussed in
the next section) in b-CyoHs2—HEURg70 aqueous solu-
tions.

The DLS data for the HEURs with the smaller
spacing, EOjgs, are illustrated in Figure 7. The trends
noted with the larger EO spacings are observed (i.e.,
aggregate sizes increase with increasing concentra-
tions); however, the median sizes are all smaller than
their analogues with the larger EO spacing (Figures 5
and 6). With the smaller hydrophobe and smaller EO
spacing, b-Ci,Hzs—HEUR31gs, there is no evidence of
an association even up to 1.2 x 1075 M (0.2 wt %)
(Figure 7A), where fluorescence data (Figures 2 and 3)
indicate there are associations. The smaller hydrophobe,
(b-C12H24—HEURgs, exhibits a bimodal distribution at
7.3 x 107 M (0.6 wt %, Figure 7C) and they grow
marginally in size with concentration, up to 1.2 x 1073
M (1.0 wt %, Figure 7E), well above the concentration
where the pyrene emission ratio, I1/13, levels off.
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The more hydrophobic analogue, b-C,oH4,—HEUR 195,
does associate at a 1.4 x 1075 M (0.01 wt %) concentra-
tion; a median aggregate size of 3 nm (Figure 7B) is
observed. At this size the aggregate would be the
intrahydrophobic association noted3® in the pyrene
labeled POE1p and POEjyy studies. This median ag-
gregate size is not observed in the larger EO spacing.

Figure 9. Trans—gauche—trans conformation of POE, with
an associating H,O molecule.

With increasing concentration, the aggregate size of
b-CooHs,—HEUR31g5 increases to a median size just
below 20 nm at 0.1 (0.2 wt %, Figure 7D). At the higher
concentration, the largest median diameter aggregate
with the larger hydrophobe, b-CyoHs;—HEUR;gs, is
just over 200 nm (Figure 7F). This is half the value
of the larger aggregate with greater POE spacing
(b-C2oH42—HEUREG70) solutions at 0.4 wt % (Figure 6D),
where significant viscosity increases are observed.
Significant increases in viscosity in b-CoHs,—HEUR 95
solutions are not observed until a concentration of
2.0 wt % is approached. At this concentration, 1.4 x
1073 M, the largest median size approaches 500 nm,
as observed in the larger EO spacing, when a signif-
icant viscosity increase is observed with increasing
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Figure 10. Raman spectra of POEg7o (35K) and POE;gs (8K)
samples in the solid state.
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Figure 11. Raman spectra of hydrophobically modified POE
samples, (b-clgHzeleMDl)z_PoEem and (b-ClegengMDl)z—
POE.gs, in the solid state.

concentration. There are parallels in these data with
the viscosity increases noted in the viscosity section.
D. Effect of Hydrophobe Structure on Solution
Viscosity. Our prior synthesis® of uni-HEURs
involved the direct addition of octadecyl monoisocya-
nate to poly(ethylene glycol)s (POE). This procedure
does not allow for the synthesis of branched hydro-
phobes. In the synthesis of branched-terminal hydro-
phobes, the step-growth synthesis was avoided by
adding a large excess of H1,MDI (which contributes to
the effective terminal hydrophobe size of the linear or
branched hydrophobe) to POE and then adding the
desired hydrophobe to the terminal isocyanate on the
modified POE. This reaction (Scheme 1) provides a
mixture of unreacted diisocyanates and POEs with
terminal isocyanates. After addition of the amine or
alcohol this mixture requires a more extensive recti-
fication to remove the low molecular species than the
direct addition of monoisocyanates to POE. The use of
H12MDI adds to the difficulty in obtaining a clean
HEUR, because it is a mixture of 3- and 4-isomeric
positioned isocyanates and the alicyclic substituents are
a mixture of equatorial—equatorial and equatorial—
axial isomers. With all its deficiencies, the use of
H12MDI as the diisocyanate produces large “effective”
terminal hydrophobe HEURSs, with intermediate hydro-
phobe sizes. In the synthesis of narrow molecular weight
“uni”-HEURs in this study, an impurity (the direct
addition of two alcohols to H;,MDI) is generated during
the reaction of the hydrophobic alcohol with the isocy-
anate-terminated PEO. If this impurity is not removed,

Macromolecules, Vol. 36, No. 22, 2003

the linear C1oHo5—H1 ,MDI—-HEURGg70 is less ViSCOSify-
ing than the branched. An extra extraction of the
HEUR with methanol is required to remove this
byproduct from the linear HEUR. When this is done
and the largest aliphatic diisocyanate is used as
the coupler, the solutions observed with the linear
(C12H25—H12MDI),—POEg70 are more viscous than those
with the (b-C16H34_H12MD|)2_POE670 HEUR thickener.

As the concentration is increased beyond that permis-
sible in fluorescence and DLS, the differences in the
viscosifying efficacy of linear vs branched hydrophobe
equivalents is evident (Figure 8). The linear hydrophobe
in the hydrophobic equivalent comparison ((I-C12H25—
H12MD|)2—POE570 VS (b-CleH34—H12MD|)2—POE570) is
more viscosifying. The thixotropy and shear thinning
noted in these HEURs became excessive with the larger
hydrophobes, |-C15H33_ and (b-C20H42_H12MD|)2—
POEg70 HEURS, and their tendency to gel at concentra-
tions approaching the onset of viscosity increases made
it difficult to assess the relative ability of these large
linear vs branched terminal hydrophobes to build
viscosity. We elected to revisit these large linear and
branched hydrophobes in the multibranched terminal
hydrophobe studies in the next article, where a less
hydrophobic diisocyanate, hexamethylene diisocyanate,
is used to couple the hydrophobes to POEgz. The
smaller (b-C12H25—H1,MDI),—POESs studied in the Ra-
man section to follow were Newtonian fluids.

Raman Spectroscopy of POE and HEUR
Aqueous Solutions

Raman spectroscopy is an attractive technique be-
cause it is very sensitive to small changes in micro-
structure and it offers the ability to study polymer
conformations in aqueous solution where the water
spectrum is weak and does not obscure any of the
conformation bands. The Raman spectrum of POE has
been studied extensively, making it especially applicable
to model HEUR aqueous solutions that are composi-
tionally >95% POE. A variety of techniques including
X-ray,* NMR,*2 and IR have concluded that the con-
formation of POE in the crystalline state is helical,
containing seven chemical units and two fiber turns in
a fiber identity period of 19.3 A.4344 |n the crystalline
state, the preferred conformation of the POE repeat unit
is trans—gauche—trans (TGT, Figure 9, without the H,O
molecule).

In the melt phase and in chloroform solutions, the
conformation of POE (IR*>4¢ and Raman*’~51) loses its
helical structure and is disordered in a number of new
conformations (TGG, GGG, TTT, TTG, or GTG); how-
ever, in aqueous solutions spectral analysis reveals that
POE, although more disordered than in the solid state,
retains the TGT conformation to a large degree. The
TGT state is the lowest energy conformation for water
to bind to the oxygen ether linkages (Figure 9). In
extremely dilute (<0.03 mole fraction) solutions, this
trend reverses and a more disordered structure prevails.

These results led others to examine the conformation
of the oxyethylene chain in aqueous surfactant solu-
tions52755 since the micellization and solubilization of
the surfactants are closely related to the conformational
states of the hydrophobic and the hydrophilic oxyeth-
ylene moieties. The systematic study of Matsuura et al.
concluded that the gauche conformation of the oxyeth-
ylene chain is more favored than the trans conformation
with increasing water addition. It was again concluded
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Figure 12. Raman spectra in the region 1500—1400 cm~* in solid form (left graphs), in stagnate aqueous solutions [upper spectra
(in center and right spectra)], and in solutions under shear deformation (shear rates are listed on lower right of spectra).

1.02*10°* M
unmodified POE,,

= 3

S2s ! e Solid = 4.64

g2 .

=15 L]

g

3 1

éo.s :

= 0

4] 10 20 30 40
shear rate (s-1)
1.02%10° M
b-C,,H,-H,;MDI HEUR,,

= 3

§2s Solid = 3.59

EI 2 . .

215 -

7 4

b

705

S o

20 30

(=1
=

40

shear rate (s-1)

3.65%10° M
unmedified POE .
= 3
E2s Solid = 4.65
S
;1.5 .
E 1
w5
5
0 10 20 30 40
shear rate (s-1)
3.65%10°M
b-C,,H,,-H,,MDI HEUR, 4
- 3
£25 Solid = 3.38
—_ 2
E1s
;:‘_0.5
= 9
T o 10 20 30 40

shear rate (s-1)

Figure 13. Degree of disorder (1475:1450 cm™?) for POE and HEUR thickeners at different shear rates.

that the increased stabilization of the gauche conforma-
tion is most likely caused by hydrogen bonding between
the ether oxygens in the oxyethylene chain and water
molecules (Figure 9).

In this section we attempt to apply past Raman
conformational analyses of POE, in aqueous solution,
to uni-HEUR solutions, under both stagnant and low
shear deformation conditions. The least hydrophobic (b-
C12H26—H12MDI),—POE) HEURS are examined to mini-

mize viscosity effects (Figure 8). In carbon equivalencies
the b-CioHze group is equivalent to a linear CgoHig
hydrophobe. This is just above the minimum number
of carbons, CgH17, necessary in a surfactant structure
to form micellar aggregates. The association is assisted,
in a structure containing so many oxyethylene units,
by the terminal H12,MDI unit coupling the hydrophobe
to POE. This specific hydrophobe was chosen as it
permitted the use of higher concentrations (3 wt %) to
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improve the Raman signal-to-noise ratio, while still
maintaining an acceptable low viscosity level to mini-
mize air entrapment with the pumping apparatus
illustrated in Figure 1. Larger hydrophobe HEURs could
not be run at 3 wt %, necessary to achieve a good signal-
to-noise ratio, without high viscosities and air entrap-
ment during the experimental study.

Raman spectra of solid unmodified POEg;o and POE;gs
(commercial designations of 35K and 8K are used for
identification in some of the Raman graphs, as is the
symbol PEG) are illustrated in Figure 10. There is a
small difference between the unmodified and the hy-
drophobically modified POEs (Figure 11), but all exhibit
narrow and well-defined peaks typical of solid, crystal-
line samples. Sections of these spectra will be discussed
in detail below.

Flow Experiments. The spectra of HEUR samples
in aqueous solution (3 wt % with 2 mM SDS) are
compared below with the solid sample spectra in three
spectral regions, 1500—1400, 900—800, and 1320—1220
cm~1, known to provide information on the conformation
of the POE backbone.

A. 1500—1400 cm™1 (CH; Scissoring). Raman spec-
tra in the 1500—1400 cm~! region are illustrated in
Figure 11. There are two narrow, well-defined peaks in
the solid samples. The peak at 1484 cm™! corresponds
to the preferred TGT ordered structure for the O—CH,—
CH,—0 bonds. The peak at 1450 cm~! corresponds to a
trans conformation of the CH,—CH; bond, givinga TTT
structure for the O—CH,;—CH,—0 bonds (i.e., disordered
or amorphous region). The ratio of these two Raman
bands (Figure 12) is a measure of the amount of order/
disorder in the system. The solid samples of unmodified
POE1gs5 (4.65) and POEg7o (4.64) have a similar degree

of ordering. The addition of hydrophobes increases the
disorder in the solid system by disrupting the ability of
the POE chains to pack as efficiently. The (b-Ci2H2s—
H12,MDI),—POEsgyy is less disordered than the (b-Ci2Hzs—
H12MDI),—POE;gs5 (3.59 vs 3.38) in the solid samples.
This would be expected due to the larger number of
hydrophobes per weight for the smaller oxyethylene
spacing (approximately 3.5 times on a molar basis).

Upon addition of these polymers to water, the crystal
structure is disrupted (loss of helix) and the Raman
bands are broadened, while other bands are split, and
some new bands appear (Figure 12). This loss of order
is reflected in the 1484 (which shifts to 1475) and 1450
cm~1! band ratios. For all four samples, unmodified and
hydrophobically modified, there is significant disorder-
ing; however, throughout all of the transition, the
dominance of the 1475 cm~! peak remains, indicating
the preference of the TGT conformation. This is expected
since water will bind to the POE backbone in the lowest
energy conformation. Hydrophobic modification of POE
results in a greater degree of disorder in the POE
backbone in aqueous solution than with unmodified
POE.

With shear deformation of the fluids the preferred
TGT conformation decreases, in all solutions. In the
unmodified POE solutions a measure of disorder of 1.5
(the ratio of the peak heights of 1575 and 1450 cm™!
bands) is achieved above 30 s™! (Figure 13). The
(b-Clege—leMD|)2—POE570 solution exhibits a de-
crease in the 1475:1450 cm~1 ratio at lower shear rates
and then plateaus at a ratio of 1.5 around 11 s~1. With
the small b-Ci2H2s hydrophobes, the samples display
essentially Newtonian rheology over the shear rates
examined (not shown), yet the application of shear
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stress results in an increased amount of disordered
conformations as reflected by a decrease in the 1475:
1450 cm™! ratios (Figure 13). The high degree of
disorder in the low molecular weight unperturbed
HEUR may reflect the intrahydrophobic bonding (i.e.,
the cherished flowered micelle conformation).

B. 900—800 cm™! (C—O Stretch and CH; Rock-
ing). In this spectral region, the solid samples of
unmodified and hydrophobically modified POE display
two sharp, well-defined bands at 861 and 846 cm™!
(Figure 14). Both have been equated with the TGT
conformation of the O—CH,—CH,—0 bonds. It has been
shown in previous work that upon dissolution of POE
into water these two bands coalescence into a single,
broad band near 850 cm~. Normal coordinate analysis
of this region for aqueous solutions of POE suggests that
a prominent band at 850—855 cm~!, with a possible
shoulder at 832—834 cm™1, is associated with the gauche
conformation of the OCH,—CH,0 segment, while the
band at 808—823 cm™! is associated with the same
segment in the trans conformation.

The most striking observation in the spectra is that
the higher molecular weight samples exhibit more
disorder in solutions at rest than observed with either
low molecular weight. This is not indicated in the
—CHy— scissoring spectra (1500—1400 cm™1). The greater
degree of disorder in the higher molecular weight is not
unusual: a greater degree of order in lower molecular
weight HEC and xanthan gum, than in these respective
polymers of higher molecular weight, has been observed
by light scattering and viscosity measurements.56:5 The
disorder increases significantly in POEg7o with increas-
ing shear rate so that the TGT conformer is not the
preferred conformation. This extent of disorder is not
reflected in the 1500—1400 cm™! spectra with increasing
shear rate. The HEURgyg is highly disordered in stag-
nant solutions. The degree of disorder with increasing
shear rate cannot be estimated with both HEURg70 and
HEUR;g5 due to shifting of the 815 cm~! band to lower
frequencies than measured.

C. 1320—1220 cm™1 (CH, Twisting). There is a third
region (at an intermediate frequency, 1320—1220 cm™1)
that has been reported to discriminate between POE
segment conformations. The solid samples of unmodified
and hydrophobically modified POE display two narrow,
well-defined bands in the 1320—1220 cm™! region at
1283 and 1236 cm™t. The band at 1283 cm™! is indica-
tive of the TGT structure, while the band at 1236 cm~?
is a combination of structures (TGT, TTT, TTG). Upon
dissolution of the POEs and HEURSs into water at 3 wt
%, the spectra become extremely complex. Quantitative
comparisons to the solid samples cannot be made in this
region since the bands used to observe the amount of
order/disorder in the POE backbone are the result of
very broad splitting or new band formation in water.

Conclusions

Observations among low molecular weight surfactants
indicate that linear hydrophobes form micellar ag-
gregates at lower concentrations than branched hydro-
phobes of “equivalent hydrophobicity (EH)”. Hydro-
phobes attached to relatively large oxyethylene (EO)
chains might not be expected to follow conventional
surfactant behavior because of the steric restrictions of
the POE spacers on their associations. Nevertheless, the
placement of the different hydrophobes on POE terminal
positions produces marked differences in the HEUR’s
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ability to viscosify with increasing hydrocarbon size. In
the comparison of EH hydrophobes of moderate size, the
linear hydrophobe produces higher viscosities than
dibranched hydrophobe HEURs.

The 14/13 ratio at higher HEUR concentrations reflects
a difference in hydrophobicity between the linear and
branched hydrophobes, consistent with the relative
hydrophilicity of branched hydrophobes noted in the
review of conventional surfactant in the Introduction.
The 14/15 ratio at high concentrations is related to the
relative viscosity build within the linear or branched
hydrophobe HEURS, but the influence of the hydrophi-
licity of the branched hydrophobes negates a relation-
ship with viscosity build across both HEUR families.

Dynamic light scattering studies indicate that the
onset of viscosity build begins as the aggregate size
approaches 500 nm. This is influenced by the spacer
length and hydrophobe size. For example, the smaller
hydrophobe (b-C12H24—H12MD|_POE195) HEUR exhib-
its marginal growth size with concentration up to 1.2
x 1073 M, well beyond the concentration where the
pyrene emission ratio exhibits its upper level plateau.
The results are reflective of intrahydrophobic bonding
(supported by the Raman spectra in the CH scissoring
region (1500—1400 cm~1)). A larger hydrophobe (e.g.,
b-CooH42—H1,MDI-POE) HEUR, with an increased
residence time in micellar aggregates, is more effective
in building networks, particularly with larger POE
spacer units, and the aggregate size approaches that
needed for viscosity build at lower HEUR concentra-
tions.

In the Raman spectra the loss of the preferred trans—
gauche—trans conformer for hydration decreases with
increasing shear rate up to 30 s~ for Newtonian fluids.
This would contribute to the shear-induced phase
separation observed by several investigators. Rheoop-
tical studies®® of the larger hydrophobe (b-CooH42—H1o-
MDI),—POEyx HEURSs to obtain shear-thinning solu-
tions could not be studied meaningfully without the
presence of surfactant due to gel formation. The (b-
C20H42—H12MD|)2POE670 at 0.7 wt % was studied in
6.15 mM SDS solutions; (b-C20H42_H12MD|)2POE195 at
1.7 wt % was studied in 12.3 mM SDS solutions.
Orientation of the polymers (>70%) is achieved by 20
s71, and the birefringence, a measure of segmental
orientation, increases up to this shear rate. Both
observations complement the shear rate limit noted in
the Raman study. Much could be learned from a
continued tandem use of these two techniques, particu-
larly under Coulette flow, where air entrapment could
be minimized.
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