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Aqueous solutions of poly(ethylene glycol) (PEG) exhibit some remarkable properties, among which is
the small changes in water activity compared to the volumes occupied by the PEG: For example, the
water in a 20% mass fraction solution of 6000 Da PEG has an activity of 0.9939. We have inves-
tigated PEGs with molecular weights 200, 400, 1000, 2000, 4000, and 8000 Da in the concentration
range 1% to 17% mass fraction at neutral pH and with added KCl concentrations of 10 mmol L�1 in
aqueous solutionseconditions near those for promoting protein crystallization. These solutions exhibit
a structural change at around 6% mass fraction as seen in the solution viscosities, compressibilities, and
infrared spectra. Raman spectroscopy shows that the PEGs remain in the same structural form over the
concentration range, and the infrared spectra indicate that the change must be due to a local shift in the
water structure. Modeling of the results from small-angle neutron scattering (SANS) on the solutions
suggests that the structures of the PEGs in the molecular mass range 2000 Da to 8000 Da are paired in
the solution, and the separation distance decreases with increasing PEG concentration. From the
structure, it becomes clear that the small effect on water activity occurs because of screening by the
more weakly bound outer layers. From the bulk measurement of aw and with reasonable assumptions,
a free energy DG� can be assigned to each of the fourth, third, and second hydration layers.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Water solutions of poly(ethylene glycol) (PEG) exhibit some
remarkable properties, among which are exceptionally small
changes in water activity aw compared to the volumes occupied by
the PEG. For example, as measured by Grobmann [1] in a 67.5%
mass fraction solution of PEG 6000, where approximately two-
thirds of the water has been displaced by 6000 Da PEG,
aw ¼ 0.8919, and a 20% w/w solution has a water activity of 0.9939,
only 0.0061 less than the pure solvent. However, despite apparently
not perturbing the water properties, PEG in solutions are effective
in promoting crystallizations of proteins, the application that has
motivated this study.
, small-angle neutron scat-
orce microscopy; IR, infrared;
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We have investigated PEGs with molecular weights 200, 400,
1000, 2000, 4000, and 8000 Da in the concentration range 1% by
weight to 17% by weight at neutral pH and with KCl concentrations
around 10 mM (mM¼mmol L�1) in aqueous solutions e at the low
end of the usual ionic strengths. In general the PEGs used effectively
for crystalization are those between 1000 Da and 8000 Da, and the
facts collected in this work indicate that this range of molecular
weights do, indeed, comprise a unique group.

Prior work has shown that numerous properties of the PEG
solutions have a break in their trends with concentration at around
6%. The breaks occur in the concentration dependencies of the
viscosity [2] and compressibility [2,3]. Here, we find a break in
infrared spectral absorbances, while the Raman spectra do not
show a similar break in relative emission. Characterizing the
structure change that causes this break in the trends with
concentration is the subject of this paper.

Modeling of the results from small-angle neutron scattering
(SANS) of the higher molecular mass PEGsePEG 2000, 4000, and
8000ehas suggested that these molecules reside in the form of
sheets [4]. This conclusion arises from the measured radius of
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gyration depending on the square root of the mass, the sizes of the
structures giving a consistent stoichiometry, and the observation
that the scattering is characteristic of independent particles under
conditions where Gaussian or even compressed coils would over-
lap. Further, similar structures are seen for ethanol.

Here, we show that these sheets come closer together as the
polymer:water ratio increases, and that this observation can be
related to phenomena such as the fixed spacing between bilayers in
multilayer liposomes [5,6]. As will be shown, the length scale of the
solution structures is important, and, with a number of straight-
forward assumptions together with the experimentally measured
activity of water by Grobmann et al. [1], each layer of hydrating
waters can be assigned an approximate DG�.
2. Materials and methods1

2.1. Poly(ethylene glycol) solutions

PEGs with average molecular masses of 1000 Da, 2000 Da,
4000 Da, and 8000 Da are interchangeably listed as PEG 1000 or
PEG 1k, and so forth. The following PEGs were used (source, lot
number, initial pD of 50% g/mL solutions): PEG 400 (Hampton
Research, Lot 260-323, 6.0); PEG 1000 (Sigma, Lot 12K0126, 3.2);
PEG 2000 (Fluka, Lot 35387011, 8.1); PEG 4000 (Fluka, Lot
35264911, 7.6); PEG 8000 (Aldrich, Lot 09626HN, 9.8). The stock
solutions were brought to zpD 7 with concentrated sodium
deuteroxide or d4-acetic acid. To form the final solutions the
appropriate amounts of stock 1.0 M (M ¼ mol L�1) potassium
phosphate buffer pD 6.8, 10% NaN3, and 4 M KCl were added to
each sample. The final D2O solutions had, besides the PEGs,
10 mM added KCl, 0.1% NaN3, and 10 mM phosphate buffer with
final pDs between 6.5 and 7.7. The pD values were those recorded
by a glass electrode standardized in H2O. No isotope correction
was made with the assumption that the unmodified value was
more correct since it is likely that the buffer pD and electrode
surface’s pKa shifted approximately the same amount with the
level of D-H substitution. All PEG and salt concentrations lie well
below those that produce two-phase systems [7]. Keeping the
pH/pD near neutral minimizes proton binding to the PEGs while
also minimizing possible hydrolysis. The buffer and KCl have
been added to keep the total ionic strength approximately
constant since some level of ionic impurities of unknown identity
[8] seem to exist in the six different PEGs. They do not form
neutral solutions upon addition to water. In other words, these
solutions have been made as constant in their solution conditions
as possible consistent with minimizing materials other than the
PEGs and water .

The effect of KCl in the solution on the PEGs is expected to be
minimal because its concentration is low compared to binding
constant and because its quantity is small compared to the EO
content of the solutions. Both are explained further next. In water,
potassium binds to its best binding crown ether 18-crown-6 with
log Kf ¼ 2 as found by a number of groups [9e11] This means that
for the 18-crown-6, half of the 10 mMKþ will be bound at 15 mM of
the crown. However, for open-chain complexing agents, binding
constants tend to be reduced by a factor of 102 to 104 fold [12,13].
Even for the smallest change in ratio of 100, we expect binding
constants in the molar range. For example, with a formation
1 (Disclaimer): Certain trade names and company products are identified in order
to specify adequately the procedure. In no case does such identification imply
recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the products are necessarily the best for the
purpose.
constant of 1 M, the 10 mM Kþ would bind to 0.5% of the PEG
molecules.

Further, the quantity of Kþ present cannot control the structure
of the PEGs because even the lowest concentration of PEG at 1% is
more than 200 mM in monomer. Any unexpectedly (never
observed) strong binding of Kþ in a structure the same as 18-
crown-6 would occupy less than 30% of the PEGs structure. Again,
assuming a strong binding that has never been observed, in the
most concentrated solutions, all the Kþ would be taken up by 2% of
the PEG, which would have no observable effect on the scattering
from the 98% not associated.

2.2. Calculation of PEG concentrations

Three very different ranges of measured PEG partial densities
are found by experiment. First, from the lack of contrast in x-ray
scattering from an aqueous PEG solution, the water-equivalent
electron density gives a physical density for PEG of 1.02 g cm�3

[7]. Second, Sandell & Goring [14] found by dilatometry that the
density of PEG 1k is temperature dependent. Fitting equations
show the density varying from 1.13 at 25 �C to 1.20 at 10 �C. A third,
and quite different range at 25 �C was found by Lepori & Mellica
[15]. Assuming the condition that the water has its bulk density at
25 �C of 0.99705 uniformly throughout, they find that PEG 1k and
PEG 2k both have density 1.19 in the solution and that this value
holds from PEG 1k to PEG 15k. We found nearly the same value
using the 25 �C data from Cruz et al. [16,17] for PEG 3k and PEG 6k
for concentrations below 15% mass fraction of the solution. Using
the same assumption of a uniform water phase and the PEG
residing in it, the calculation yields an additive density for the PEGs
of 1.20 g cm�3. We choose to use the value of 1.20 for the partial
density of PEG in aqueous solution for all the molecular masses
measured here. Attributing the density and especially the
temperature dependence specifically to the PEG or to the water
cannot be done without as yet unprovable assumptions.

Since our data in D2O is to be compared to literature measure-
ments mostly carried out in H2O, the mass percent of PEG in the
solutions was initially calculated from a mass-to-volume
measurement. The mass percent values have been calculated as if
the solvent were H2O instead of D2O. Our concentrations can, then,
be directly compared to the many other measurements reported in
the literature and noted in the text.

Infrared Spectra: The attenuated total reflection spectra were
obtained using a Bruker Equinox 55 spectrometer (Billerica, MA)
with a VeeMax external reflection accessory (Pike Technologies,
Madison, WI) with a ZnSe 45� total internal reflection crystal. The
spectra were the average of two scans (4 cm�1 resolution, 2 min
each) corrected for background including water vapor with Bruk-
er’s Opus software version 5.5. Further data fitting, data manipu-
lation, and wavenumber and absorbance measurement were also
performed with Bruker’s Opus software. Display graphs were
produced with Igor (WaveMetrics, Portland, OR) from the ascii files
of the spectra.

Several polarized spectra were collected at different PEG
molecular weights and concentrations to determine if any of the
observed changes might be related to PEG interactions with the
ATR crystal surfaces. These spectra revealed no indication of surface
induced orientation, which leaves all changes to be explained by
solution-based mechanisms.

Since neither the line widths nor line shapes shifted with
concentration, the peak heights were used to measure change in
absorbance. The linearities of the line segments fitting absorbance
over the concentration range suggest that any changes in baseline
can be ignored except at the transition for the PEG 8000 solution,
which, since it is unique, is not included in the discussion.
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Changes in the spectra might be caused by dielectric constant
differences. However, in solutions of ethanol, these differences
have been shown to be small enough to ignore here [18]. As a result,
we discount dielectric changes in the discussion.

2.3. Raman spectra

The Raman spectra were obtained at 90� scattering on a Bruker
RFS-100 Fourier-transform Raman spectrometer (Billerica, MA)
with a 1064 nm laser line (diode-pumped CW Nd-YAG laser) at
900 mW power and 4 cm�1 resolution with 256 scans averaged for
each spectrum collected in the range 4000 cm�1 to 1000 cm�1

Raman shift. A liquid-nitrogen-cooled Ge diode was used for
detection. The acquired interferograms were apodized with
a Blackman-Harris four-point filter and zero-filled by a factor of 4
prior to transformation.

2.4. SANS data collection

SANS from solutions of PEGs in D2 O (Cambridge Isotope Labo-
ratories) were held in 2 mm pathlength cylindrical silica spec-
trometry cells (volume w640 mL). SANS measurements were
performed on the NG7 and NG3 30m SANS instruments at the NIST
Center for Neutron Research (NCNR) in Gaithersburg, MD [86]. The
PEG samples were measured l ¼ 5.2 Å or 6 Å with Dl/l ¼ 0.11.
Scattered neutrons were detected with a 64 cm � 64 cm two-
dimensional position sensitive detector with (128 � 128) pixels
and 0.5 cm resolution per pixel. Data reduction was accomplished
using Igor Pro software (WaveMetrics, Lake Oswego, OR) with SANS
macros developed at the NCNR [87]. Raw counts were normalized
to a common monitor count and corrected for empty cell counts,
ambient room background counts, and non-uniform detector
response. Datawere placed on an absolute scale by normalizing the
scattering intensity to the incident beam flux for each individual
pixel. The datawere placed on an absolute scale through calibrating
against scattering from a silica gel standard. Finally, the data were
radially averaged to produce the scattering intensity I(q) to plot as
I(q) versus q curvese where q ¼ (4p/l)sin qewith 2q the scattering
angle measured from the axis of the incoming neutron beam.
Sample-to-detector positions used were either 1.5 m or 1.3 m,
which provides a q range from 0.03 Å to 0.45 Å�1 equal to a length
range of w200 Å to14 Å.

2.5. Nonparametric calculations of experimental S(q) curves

In practice, the scattering that is measured from macromole-
cules in solution I(q) includes contributions from the form (intra-
molecular shape) factor, P(q), and the interparticle structure factor,
S(q), as well as background scattering from solvents, buffers and
cuvettes. The contributions to the measured scattering intensity
I(q) are related by:

IðqÞ ¼ nV2ðDrÞ2PðqÞSðqÞ þ BðqÞ (1)

The units of the scattering are inverse length (cm�1), and B(q) is
the total background to be subtracted. Also, (Dr)2 is the contrast in
scattering between the PEGs and the solvent, n the number density
of scatterers, and V is the volume of the individual scatterers. Here,
the B(q) consists of separately measured buffer scattering as well as
the inelastic scattering contribution expected from the hydrogens
at each PEG concentration [3]. Both were subtracted to obtain the
corrected I(q).

The form factor P(q) was separated from the interparticle
structure factor S(q) by obtaining the scattering curves at two
different concentrations; call them 1 and 2. However, for scatterers
that do not change shapewith concentration (assumed for the PEGs
within the concentration range reported here), and with the vari-
able n reflecting the concentration, only the terms I(q) and S(q) vary.
With properly subtracted background, we assume the lowest
concentration measured the molecules are independent and
exhibit no correlated structure, i.e., they are noninteracting. Then,
S(q)low ¼ 1, and the S(q) curves for higher concentrations are found
from

SðqÞinteracting ¼ nnoninteracting
ninteracting

IðqÞinteracting
IðqÞnoninteracting

(2)

In this way S(q) can be found from the scattering data without
requiring a model structure. As shown by Hayter & Penfold (1983),
this separation of P(q) and S(q) strictly holds only for homogeneous
monodisperse spheres in solution but has been found to work for
nonspherical solutes that are not monodisperse. This may be due to
the independent, noninteracting molecules’ scattering being rota-
tionally (spherically) averaged over the time scale of the experi-
ment. An inherent assumption of the quality of this separation is
the unchanging shape of the scatterer with concentration.

The values of S(0) were found by short, smooth extensions of the
S(q) graph to q ¼ 0. We estimate the S(0) values have relative
uncertainties of less than 5%, and within that range were insensi-
tive to the method of extrapolation.
2.6. Modeling of the S(q) curves

Simulationwas done by the method of Heidorn [19] where a set
of spheres is substituted within the volume of the scattering
structure. Here, the PEGS are simulated with a set of uniform
spheres of 4Å diameter in a rigid, flat, rectangular array the size of
the PEGs. The PEG sizes used were: PEG 2k, (20 � 40) Å; PEG 4k,
(28� 78) Å; PEG 8k, (42� 100) Å [4]. Two of these rigid plates were
set at different fixed distances apart. The scattering curve for the
intermolecular structure was calculated using the formula devel-
oped by Debye for scattering by scattering spherical pairs randomly
oriented in solution [20] but summing only for pairs of spheres not
in the same sheet. This calculation provides an approximate inter-
molecular I(q), which was converted to fit the experimental S(q)
data by inverting the summed scattering curve followed by scaling
and adding an appropriate constant background. This trans-
formation is based on the relationship [21]

SðqÞ � 1 ¼ 4p4
ZN

0

½gðrÞ � 1� SinðqrÞ
qr

r2dr (3)

where 4 is the neutron flux, and g(r) is the correlation coefficient
between the structural elements. If the correlation is unity, then it
yields a fixed intermolecular structure rotationally averaged. This
approximation was judged to be adequate to find the relationship
between the observed peaks of the S(q) curves and the true sepa-
rations of the assumed rigid PEG sheets at the different concen-
trations. Even though the peaks are fit to find a pair separation, the
calculated curves are not expected to be correct over the full q range
if the assumption of two isolated, paired sheets is incorrect and
when the sheets are not rigid.

A simulation for three stacked sheets was also made. As ex-
pected, the diffraction sharpened but did not fit as well to the data.
However, higher multiple stacking cannot be eliminated as
a possibility since reduced ordering in the structure for which we
see evidence in the two-plate fits would have two effects. One is
that the coherence across two spaces be lowered such that only the
adjacent pairs appear from among the stack. The second is that the



Fig. 2. Logelog plot of the intrinsic viscosities over a range of molecular masses of
PEGs in water at 25 �C. The values are taken from the work of Kirin�ci�c and Klofutar
[23].

K.A. Rubinson, C.W. Meuse / Polymer 54 (2013) 709e723712
multi-plate scattering is smeared so that it has little influence on
the broad two-plate scatter that appears.

2.7. Treatment of data values taken from the literature

Published data sets that are shown were taken either from
tables or from graphs digitized with Un-Scan-It (Silk Scientific,
Orem, UT). In converting various concentration units to a common
one, the PEGs added to aqueous solutions was assumed to exhibit
a macroscopic partial density of 1.20 as described above.

3. Results and discussion

3.1. PEG solution properties

Aqueous solutions of poly(ethylene glycol)s, PEGs, have long
been popular objects of investigations of water soluble polymers.
The results of such studies appear inmany cases to be contradictory
with others, and we find that is not surprising since the properties
of the solutions often differ depending on the average mass of the
oligomer or polymer as well as the concentration of each and other
properties such as the concentrations and identities of added salts.
Data from the literature has been selected to illustrate these
changes that our vibrational spectral data and scattering data
further clarify. The graphs illustrate changes that we have chosen to
fit with regression line segments. Some of the sets of data might
conceivably be fit with curved lines, but, taken together, the data
argues for breaks in the properties that occur over relatively narrow
ranges of molecular weights and concentrations. After an intro-
duction to the differences in solution properties with molecular
weight and concentration, a more extensive discussion about the
vibrational spectroscopy and neutron scattering follows.

3.2. The differences in solution properties with molecular mass

Fig. 1 shows a logelog graph of the apparent specific volumes at
infinite dilution at 25.0 �C for PEGs over a range of molecular
weights as found by Kirin�ci�c & Klofutar [22]. The molecular masses
are those of the samples determined by viscometry and are all
greater than the nominal masses by as much as 35%. A break in the
trend with increasing molecular weights occurs around mass 1000.

Fig. 2 shows a logelog graph of Kirin�ci�c & Klofutar’s tabulated
intrinsic viscosities of PEGs in aqueous solutions at 25.0 �C versus
their nominal molecular weights [23]. These values further support
Fig. 1. Logelog plot of the apparent specific volumes of the solute at inifinte dilution of
PEGs in water at 25 �C versus the molecular mass. These values were determined by
Kirin�ci�c and Klofutar [22].
a change in solution structure around the same 1000 Da molecular
weight range. Here, three different regions appear as indicated by
the slopes of the sets of points; the two that lie between regions
apparently do not belong with those on either side. Again, a break
occurs around PEG 1000. However, a second break appears at PEG
10k, which is beyond the molecular weight range measured in this
work. As will be shown, PEG 8k has properties quite different from
the other PEGs with masses between 1000 and 4000. It may lie in
the upper gap under these conditions as well.

Our infrared data from the PEGs, as shown in Fig. 3, corroborates
the significant structural difference that occurs around molecular
mass 1000. If we assume that the absorbances of the various bands
reflect the populations of local conformations of the molecules,
then the changes in the spectra with molecular mass, indicate that
the structures become confined into fewer forms with the break
about molecular mass 1000, above which the bands are nearly
coincident. That is, the clearly separate bands between 870 cm�1
Fig. 3. The infrared spectra of PEG solutions of 13 weight percent with various
molecular weights in D2O, 99.9% d with 100 mM KCl added and buffered near neutral
pD.



K.A. Rubinson, C.W. Meuse / Polymer 54 (2013) 709e723 713
and 1050 cm�1 coalesce into one narrower band indicative of
a more ordered structure. (Complete data sets of the infrared
spectra are included in the Supplementary material.) All three of
these sets of measurementseas shown in Figs. 1e3eindicate
differences in the structures in aqueous PEG solutions as they
depend on the PEG molecular mass.
Fig. 5. Relative compressibilities of PEG solutions. The top line is the data from
ultrasonic interferometry for PEG 6000 in water as determined by Kalyanasundaram
et al. [2]. The bottom three plots are the values for PEG 2000, 4000, and 8000 in D2O
solutions as measured by SANS and described in a previous work [3].
3.3. Changes in solution properties with concentration

The viscosities of aqueous PEG 6000 solutions were measured
over the appropriate range of concentrations by Kalyanasundaram
et al. [2] Their data is replotted in Fig. 4 after converting the pub-
lished values into our customary units. Over the range, the data falls
along two regression line segments with a slope ratio of 2.4 at
30 �C. However, a clear break does not occur at higher tempera-
tures. In the same graph, the measured solution viscosity for PEG
4000 at 25 �C from Kirin�ci�c and Klofutar [23] is also shown.
However, solutions of lower molecular weight PEGs do not show
a clear break between the slopes of two regression line segments.
Our data from neutron scattering and vibrational spectroscopy
allow us to expand on these published results and to explain the
causes of this trend break.

In Fig. 5 is shown data from two different measurement
methods for the compressibilities of PEG solutions. At the top is
plotted the compressibility for a PEG 6000 solution relative to pure
water obtained by Kalyanasundaram et al. [2] with ultrasonic
interferometry. The results differ greatly from those determined by
small-angle neutron scattering (SANS) shown below it [3]. The
SANS values plotted are obtained from the part of the neutron
scattering that arises from the intermolecular structure of the
solutes in solution. This plot of the scattering versus q is labeled
S(q), where q ¼ (4p/l) sin q, with l the deBroglie wavelength of
the neutrons and 2q the angle at which the scattering is measured.
The value S(0) e the value of S(q) extrapolated to q ¼ 0 e for the
Fig. 4. Measured PEG aqueous solution viscosities. Data for PEG 6000 is taken from
Kalyanasundaram [2] At higher temperatures, the break disappears. Data for PEG 4000
is taken from Kirin�ci�c and Klofutar. [23] Within the concentration ranges measured,
solutions of lower molecular weight PEGs did not show a clear break. The PEG 6000
data also could be fit by a power function h ¼ 0.963 þ 0.0329 (weight %)1.76 with
r2 ¼ 0.999.
oligomer solution’s scattering can be related to the isothermal
compressibility of the solution by S(0) ¼ npkBTcT, where np is the
number of particles and cT the compressibility [24]. The value
S(0) ¼ 1 is the relative compressibility for the solvent alone.

This simple equation relating S(0) to the compressibility is
derived for an atomic fluid, which does not characterize a PEG
solution. The solution compressibilities found from S(0) in SANS are
in essence the spatial correlations (consider indistinct structures:
more blurry means a lower structural correlation) between the
scattering particles where the particles themselves serve as probes
for the compressibility they experience with their kBT-induced
motions. The lower the compressibility, the lower the displace-
ments by thermal motion. The majority of scattering here arises
from the contrast between the PEG’s protons and the D2O solvent,
and these protons are bound to the molecular backbone. The value
of S(0) represents the range of displacements that these protons
can occupy, where the lower the S(0) value represent smaller
displacements. In other words, the main scatterers, the protons on
the PEGs, are restrained more the lower the solution compress-
ibility. As a result, the measurement of compressibility with SANS
differs from those using ultrasound or other bulk measurements in
which the measurement reflects changes in both the polymer and
the water structures. This is the cause of the divergence so clearly
seen in the graph. An analysis beyond describing this general
difference in origins of the measurements is outside of the scope of
this work, however.

Infrared spectra also exhibit a discontinuity of absorbance with
concentration as shown in Fig. 6 by a few representative bands for
D2O solutions of PEG 2000. Here are plotted the measured peak
absorbances as they change with PEG concentration. The ratio of
the molar absorptivity at the higher concentration range compared
to the lower range is around 1.6.

Finally, in this overview of the measurements, the water activity
in solutions with PEGs as solutes remains high even when the
oligomers or polymers comprise a large volume fraction of the
solution. The data of Grobmann [1] for PEG 6000 shows this and is



Fig. 6. Absorbances of selected IR bands for PEG 2000 over the concentration range
probed in this work.
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plotted in two ways in Fig. 7. In Fig. 7a, the measured aw at 293.15 K
for PEG 6000 is plotted with a best fit line. The concentration range
shown is nearly twice our experimental range for the IR and SANS.
The graph in Fig. 7b shows that the free energy of the water e

represented by the logarithm of the experimental awechanges with
PEG concentration with the power 2.8. In the remainder of this
section, we characterize the nature of the transitions described
above and seek to connect PEG concentrations with structural
distances and subsequently to the free energies of the layers of
hydration. In so doing, we can explain why the water activity
changes are so small.
Fig. 7. a) Cartesian plot of the measured water activity versus percent weight of PEG 6000. T
taking the logarithm of aw and using a logelog format. The equation for fitting over the who
found from the slope of the regression line (excluding the aw ¼ 1.0 point) in the logelog p
3.4. Characterizing the origins of the break in concentration
dependence

3.4.1. The uncertainties of PEG densities in solution
Before continuing,webrieflyaddress theproblemof attributingan

exact proportion of solution volume changes separately to the solute
or the solvent. For thePEGs, at25 �C thedensityof theneat liquids (MW

200 to 600) is 1.13 g cm�3, and the solid PEGs (MW 1500 to 6000) have
a common density of 1.21 g cm�3 [25]. (This density equals, within its
precision, the numerical value that is given in the reference, which is
the specific gravity at 25 �C compared towater at 25 �Cedenoted d2525)
The higher density of 1.21 g cm�3 is characteristic of crystalline PEG
since, as Pielichowski hasmeasured from his samples [26], neat, solid
PEGs in the same molecular weight range that we used are greater
than 85% crystalline. However, Sandell & Goring [14] found by dila-
tometry that thepartial density of PEG1000 spans a range from1.13 to
1.21 between 25 �C and 5 �C and PEG 200 from 1.12 to 1.19 over the
same range.

If the neat material’s density appears to be less than its partial
density in solution, is thewater dilated or the average volume of the
molecule increased or some of both? And if the density of the neat
material is greater than the partial solution density, is the molec-
ular volume compressed or the water density increased? Further, if
the PEGs in solution are tightly packed like the solids, thenwith the
apparent density in solution being the same 1.20, the net effect on
the water is no perturbation, but we have no way to determine
what combination of volume changes leaves the apparent density
constant. This ambiguity makes separating the spectroscopic
properties into those of the PEGs and those of the solvent uncertain,
especially with higher concentration PEG solutions.

A further example of the enigma of PEG solutions is to compare
quantitative compressibilities. Neat PEG 2000, a waxy solid,
exhibits an isothermal compressibility that is typical for many
organic substances [27]: 0.39 GPa�1. Water’s compressibility is in
that same range [28]: at 20 �C, kT is 0.46 GPa�1. A composite [29,30]
compressibility [3] relative to pure water is proportional to the
volume fractions of each times its individual compressibility. At 15%
weight fraction PEG, with PEG’s density 1.20, the PEG volume
he data is from Grobmann [1]. b) A replot of the data as proportional to free energy by
le range of points is aw ¼ 1.0001186 e 0.50250 � (mass fraction)2.79. The exponent was
lot, a value of 2.79 � 0.08, which is the value � the standard deviation.
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fraction is 0.128. The value expected is, then, (0.872 � 0.46 þ
0.128 � 0.36)/0.46 ¼ 0.97. When compared to the conventionally
measured compressibility value of 0.88 as shown in Fig. 5, we find
that the mutual modifications of the water and PEG structures
results in a solution bulk compressibility significantly smaller than
a simple linear dependence in the mixture. This suggests a signifi-
cant change in solvent and/or PEG structures when the two are
mixed, and they form a significantly less compressible combina-
tion. This is reflected in the compressibility as measured by SANS.
This significant change in compressibility cannot, as noted above,
be attributed separately to the PEG or the water, nor can a reason-
able partitioning of some fraction to each component be made.
However, the change in the infrared absorbance can be separately
attributed, as shown below.

3.4.2. Compare the Raman and IR concentration dependencies
Under these experimental conditions of salt, pH, and PEG

molecular mass, above about 20% mass fraction, the 2000, 4000,
and 8000 PEGs are seen to be gels with their SANS scatteringethe
same for all molecular weights. As a result, the upper concentration
investigated was below that level. Infrared and Raman spectrawere
obtained from a set of solutions of the six different molecular
masses (200, 400, 1000, 2000, 4000, 8000) each at a set of six
different concentrations (percent mass fraction): 1, 3, 5, 9, 13, 17%
for the infrared and 2, 4, 6, 10, 15, 20% for the Raman.

The band shapes of the PEG vibrations do not vary with
concentration within experimental uncertainty. As a result, only
the peaks were used to characterize the changes. We were unable
to use modeled underlying individual component bands for anal-
ysis, because small uncertainties in the baseline produced
Table 1
PEG IR band assignments and wavenumbers at 13% concentrations.

200
13% cm�1

400
13% cm�1

1000
13% cm�1

2000
13% cm�1

4000 13% cm�1 8000 13% cm�1 O
v

2925 2923 2922 2922 2922 2922
2885 2884 2884 2884 2884 2884 2

1712
1470 1474 1474 1474 1474 1474
1459 1458 1458 1457 1457 1457

1396
1352 1350 1350 1350 1350 1350 1
1334 1333 1333 1334 1333 1333
1299 1306 1302 1302

1287 1286 1285 1286 1288
1

1134 1136 1136 1137 1136 1134 1
1

1096 1087 1084 1083 1083 1082
1069
1032 1035 1037 1037 1036 1038
990 990 992 993 991 989

9
946 948 948 949 948 949
918 915
883 883 883 884
832 836 840 841 841 841
817 812 817

Abbreviations: n stretching; d bending; t twisting; w wagging; r rocking; s scissor; R Ram
a Lappi, Ref. [45].
b Dissanayake, Ref. [80].
c Matsuura & Fukuhara, Ref [81].
d Wang, Ref. [82] (2800e2900 region).
e Yoshihara,Tadokoro, Murahashi, Ref. [83].
f Miyazawa, Fukushima, Ideguchi, Ref. [84].
g Koenig, Angood, Ref. [85].
h Not included are terminal methoxy bands at 2979 cm�1 and 2917 cm�1.
i HOD bend lies underneath these.
significantly different optimum sets of component fits. Also, even
with a chosen, fixed baseline, these fits were seldom unique.
Without further data to establish the correct numbers of bands and
to determine the baselines and whether they change with the PEG
concentrations, the data analysis will have to depend on vibrational
peak heights.

With that limitation, we see only a few band peaks change
systematically with molecular weight with the concentration fixed.
See, for example, Table 1 for 13% solutions. (Other values can be
seen in the tables of the Supplement.) As was seen from the IR
spectra of Fig. 3, especially below1000 cm�1, the secondary struc-
ture (that is, the form of folding) of the PEGs of 2k, 4k, and 8k differ
from those of 400 Da and 600 Da. The 1000 Da PEG lies on the
border between them.

On the other hand, with changes in the concentrations, the
positions of the PEG peaks show no clear, systematic changes. Also,
as noted previously for Fig. 6, the peak intensities show a break in
trend with concentration. However, as shown in Fig. 8, over this
same range of concentrations, the Raman spectra show no break in
the trend of intensities, only the expected linear proportional
increase in scattering with concentration for each band.

Both for the water and for the PEG, the positions of the vibra-
tional bands are highly sensitive to structural changes [31].
However neither the infrared nor Raman peaks of the PEGs shift
with concentration, and, as noted immediately above, the intensi-
ties of the Raman peak heights are linear with concentration. Given
the sensitivity of vibrational bands to structure, we must conclude
that the break in the trends with concentration seen in all the
measures described above does not arise from a significant change
in the PEG structure. It follows that changes in the water structure
ligo helix
anderahh

Meltc,g Dissanayake
amorphous

Crystallineb,e,f Assignmenta�g

nas (CH2)
893/2816 ns (CH2)

Impurity in batch
s(CH2)i

1460 1461/1454 d (CH2)i

Impurity in batch
348 1352 1350 1358 w (CH2)

1326 1325 1342 w (CH2)
1296 1294 t (CH2)

1285 R 1278 tas(CH2) þ ts(CH2)
243 1250 1240 t (CH2)

1249 1236/1244 tas(CH2) e ts(CH2)
149/1126 1140/1135 1142 1147 n CeO þ n CeC
118 1110 1111/1116 Ordered 72 helices, nCC

1092 Not assigned
1060 nas(COC) þ rs(CH2)

1038 1040 n CO þ more
992 993 n CO, nCC

65 963 r (CH2)
945 948 949 rs (CH2) e nas(COC)
915 r CH2 þ n CO
885 R n CO þ r CH2

842 R 844 ras (CH2)
810 r CH2 þ t CH2

an.



Fig. 8. Raman peak scattering versus weight percent PEG for selected bands for PEG
400 and PEG 8000 in D2O that, unlike the infrared spectra, show no discontinuities.
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causes the break. The interpretation of an unchanging PEG struc-
ture coincides with an understanding that the structure can be
averaged over the relaxation times of the infrared vibrations. This
limitation does allow averaging over structural changes due to
proton transfers, which in the realm of water structure permits
pseudorotations and small pseudotranslations of the waters within
this averaging time frame.

3.4.3. The nature and cause of the absorption coefficient change
The PEG unique properties of having an unchanging wavelength

and an absorption coefficient with two different values depending
on concentration can only be explained in general terms. However,
the uniqueness of the properties can eliminate many possible
causes as seen experimentally or explained in theory. For example,
the classical reaction field cannot change enough and leave the
frequencies fixed over the concentration range [32]. In addition, the
changes in the intensities with dielectric properties are generally
less than 10% [33] and usually peak positions shift significantly as
well [34]. The dielectric constant of water over the IR region ranges
from 1.1 to 1.5 [35]. This suggests that we should expect absorbance
changes of less than 10% from this cause as seen from the prior
work cited.

Infrared absorbance changes of the magnitudewe see herewere
reported by a number of groups [36e38]. However, these signifi-
cant changes in absorbance found over temperature scans were
accompanied by significant changes in frequencies that were
attributable to conformational changes that mixed various modes.
As a result, these earlier absorbance changes are not considered to
be comparable to the PEGs.

To explain the lack of any significant shift in band wavelengths
given the sensitivity to structural changes of vibrational spectros-
copy, the PEGs’ average structure must not change with concen-
tration. Similarly, if water is bound tightly to the PEG, then the
average structure of the two together does not change. As a result,
we must conclude that the change in absorption arises from the
influence of many layers of water that shift in structure and cause
the absorbance changes. It follows that this soft structural change
results in a significantly different relaxation rate for energy to flow
from the PEG to the solvent and in doing so results in different PEG
and water absorption coefficients [39].

We cannot tell whether the change in relaxation rate arises from
a change in the density of states of the solvent allowing a more
efficient vibrational solute-solvent energy path or whether the
mechanism might be more concerted such as some deuteron
exchange that occurs faster than the infrared relaxation rate [40].
We do know, however, that the OeH/OeD vibrational bands do
extend over a number of adjacent waters [41], which is especially
clear from the frequency dependence of water bands depending on
the H/D ratio of the solvent [42e45]. As a result, the dependence on
more than the first hydration layer is not unexpected. Further,
numerous studies have shown that pure water consists of two
different states [46e48] with a relaxation rate change that depends
on the net number of hydrogen bonds [31]. We do not need to
consider the intramolecular vibrational relaxation since it is fast
relative to the solute-solvent rates [49,50].

The nature of the shift in solvent structure is not approachable
in detail with the data at hand. However, we can say that the PEGs
and their most tightly bound waters must be “hard” in order to
retain their structures while the solvent structural change that
results in the different absorption coefficients should be charac-
terized as “soft.”

Two different trends provide further information about the
mechanism for the change in absorption coefficient. First, the ratios
in slope on either side of the absorbance transition for all the
molecular masses tends to increase as the infrared frequency
decreases. (Tables are provided in the Supplementary Materials.) In
other words, from a general perturbation viewpoint, lower
frequency modes of the solvent are more effective in changing the
rate of relaxation. The second trend is that the differences in the
slopes tend to increase with molecular mass. From the discussion
above, this suggests that the narrower the range of PEG structures
allowed (or simply the length of themolecule), themore effective is
the solvent structural change to modify the relaxation rate. This
trend may depend on the PEG flexibility or on the structural order
of the water or both; we suggest that pump-probe experiments on
the same solutions would be enlightening in unraveling the
mechanism.

In this discussion, we should note that the PEG 8000 differs from
the lower molecular mass PEGs in that not only is the slope ratio
significantly larger, but the line segment fitting the higher
concentration set jumps up so that the higher concentration and
lower concentration lines do not intersect between the 5% and 9%
points as do the others. With only onemolecular mass showing this
behavior, we can only suggest that the jump is due to a simulta-
neous absorbance change in the underlying, broad background.
That possibility further suggests that at least some of the PEG 8000
concentrations have a hydration structure that itself differs in some
significant manner. For the time being, we classify the PEG 8000
behavior as an outlier and omit its specific characteristics in the
discussion of changes in the spectrum.

3.4.4. Changes in the water: the infrared spectrum and
stoichiometry

The areas of the water O-D vibrational region were obtained
between the two isosbestic points at 2775.5 cm�1 and 2000.0 cm�1

for all the molecular masses and concentrations. These values are
plotted in Fig. 9 where the similarities in behavior for all but the
PEG 8000 can be seen. Although the points are plotted for PEG
8000, we ignore them in this discussion.

The extrapolations of the areas to zero PEG concentrations are
shown in Table 2, and they agree within a few parts per thousand.
These are the zero extrapolations of the lower straight line of Fig. 9
following the lower concentrations. The linear extrapolation of the
higher concentration points lies uniformly about 2% higher than
those in the lower concentration range.

The slopes versus concentration of the integral areas on each
side of the break along with the ratios of the slopes are listed in
Table 3. We have ignored the effects of deuterium exchange with
the terminal hydroxy hydrogens since even the maximum
contributionethat by the 17% solution of PEG 200ecauses less than



Table 3
Slopes of graphs of area OeD stretch versus mass percent PEG in solution.

PEG molecular
weight

Slope � s.d. low
(% conc)�1 PEG

Slope � s.d. high
(% conc)�1 PEG

Ratio slopes H/L

200 �0.721 � 0.006 �1.05 � 0.03 1.46 � 0.03
400 �0.75 � 0.02 �1.11 � 0.06 1.48 � 0.06
1000 �0.73 � 0.02 �1.22 � 0.03 1.67 � 0.04
2000 �0.77 � 0.05 �1.26 � 0.06 1.63 � 0.08
4000 �0.80 � 06 �1.2 � 0.1 1.5 � 0.1
8000 �0.36 � 0.01 �0.9 � 0.6 2.5 � 0.6

Fig. 9. Area in (absorbance units wavenumber) of the main vibrational D2O band as it
changes with PEG concentration together with the trends expected from displacement
alone. The lines extend from the two zero points found by extrapolation from the
concentration ranges both below and above the break in the absorbance trend.
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a 2% change in the O-D content of the solvent (i.e., less than 2 M of
110 M).

Let us now compare the measured absorbances to those ex-
pected simply fromdisplacement of thewater by the solute PEGs. In
Fig. 9, the lower straight line projects from the average of the zero-
solute value (135.28 assuming the PEGs have a common partial
density of 1.2 and the light-water density is 0.99777 at 22 �C). The
higher line falls from the projected intercept (138.3) found from the
three highest concentrations for each molecular weight. As can be
seen, the higher line captures the trend of the higher concentration
data although not some details. The upper sloping line shows that
the water absorbance follows from water displacement alone but
with an absorbance about 2% higher overall than found from the
zero projections of the lower-concentration sets of points.

It is clear from the graph that the change in water absorbance is
occurring linearly with PEG concentrations up to the 6% concen-
tration range where the final, higher absorbance is reached. The
intersection with the higher trend line coincides with a molar ratio
of water to EO monomer of about 32.

We now treat the IR versus concentration data as a titration of
water by PEG detected by IR. First, compare the average low-
concentration slope (of PEGs 1000, 2000, 4000) and the slope ex-
pected from displacement alone. This ratio is 1.6 (inverse 0.62). Then
compare the ratio of the extrapolated zero PEG “pure water”
Table 2
Regression to zero PEG concentration of integral areas 2775.5 cm�1 to 2000.0 cm�1

(OeD stretching region).

PEG molecular
weight

Intercept low-conc
region (val � s.d)

Intercept high-conc
region (val � s.d)

Relative change
high/low (val � s.d)

200 135.12 � 0.02 137.8 � 0.4 0.020 � 0.003
400 135.40 � 0.08 138.2 � 0.8 0.020 � 0.007
1000 135.29 � 0.08 139.1 � 0.4 0.028 � 0.004
2000 135.5 � 0.2 139.2 � 0.9 0.027 � 0.008
4000 135.6 � 0.2 138.7 � 1.6 0.02 � 0.01
8000 134.8 � 0.1 135.1 � 0.8 0.002 � 0.007
intercepts from the two concentration ranges: this value is 1.026. In
other words, the PEG changes the absorbance of the solvent it
influences by 60%, which results in an overall change of 2.6% in the
absorbance of the total solvent. The end point of the titration is
reached at about 32 waters per EO after which no further changes in
absorbance are generated beyond simple displacement bymore PEG.

Of the 32 waters associated with each EO of the PEGs, we do not
know what fraction has its absorbance changed; it could be 32 with
2.6% change or someminimumnumber changed by 60% or any set of
the numbers in between with the same mathematical product.
However to have the minimum number of waters affected by the
changing PEG concentration, only the fraction 2.6/60 ¼ 0.043 of the
32 waters is affected. That is, 32 � 0.043 ¼ 1.4 waters per EO have
a 60% change in absorption coefficient. As a small whole-number
molar ratio, there are three waters affected for every two EO groups.

3.5. Water energetics and length scale

The discussion in this section is based on the point of view of
a titration of water by PEG carried out with vapor pressure
osmometry detection. The discussion uses: 1) the values of the
water activity aw, which is the data plotted in Fig. 7; 2) the stoi-
chiometry of the PEG-water solutions at the property-trend break;
and 3) the assumption that this break results from a structural
change of the solution.

As was described above and plotted in Fig. 7, the addition of PEG
initially leads to only miniscule changes in the solution’s water
activity. This means that at least some of the water remains close to
its original state in the solution. In other words, if the PEGs are
isolated in some manner from the water, the water activity will be
essentially unaffected. This near elimination of the effect on the
water activity of the presence of the PEGs follows from deep
hydration, i.e., having a number of layers of water over the solute
surface with each one shielding those closer to the surface so that
the outermost layer remains nearly energetically equivalent to pure
water. The solvent molecules in the outermost layer then become
the representative of the bulk property. How this behavior
compares to the standard colligative properties of water are
addressed more below.

The effect of layer shielding can be seen through the interesting
relationship shown in Fig. 7b: this one for PEG 6000 at 20 �C. The
slope of the regression line for the measured log aw ¼ DG� versus
log of theweight percent PEG is 2.8 over the entire measured range.
The free energies of the waters becomes more negative with
increasing PEG:water ratio, and the decrease is linear with the
ratio’s logarithm over the whole regionewhere the H2O:EO ratio
varies from 22 to 6. In the following section, we will use informa-
tion from the SANS experiments to connect that concentration-
ratio dependence to a distance dependence. First, however, we
briefly derive how interpreting such data requires recognizing the
characteristics of the free energy per unit volume.

For the water evaporating from the solution surface, we recog-
nize that the free energy calculated from the isopiestic water-
activity measurements applies to each individual, escaping water
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molecule.Without knowing the details of thewater/vapor interface
for the PEG solutions at the atomic length scale, we assume that the
water molecules escaping from the surface have, on average, the
same free energy as those exchanging at the outer hydration layere
that is, the region furthest removed from the PEGs’ surfaces. At the
break point of the infrared absorbance and the other propertiese
say 8% PEG as the highest concentrationethe interpolated water
activity coefficient is 0.9996. From this, we calculate at 20 �C that
DG� ¼ �RT ln aw ¼ �582*2.303 log 0.9996 ¼ �0.24 cal mol�1eonly
a quarter of a small calorie. On the other hand, to have an observ-
able structural transition requires approximately kBT ¼ (RT/NA) of
energy change, which is 2.4 � 103 times as much as the individual
water molecules as measured from the experiment.

We ask, then, If all the waters involved in the structural transi-
tion have the same free energy, what is the volume of the water
that can exhibit such a structural transition? For a mole of water
occupying 18 mL, the fractional volume for each water is 30 Å3, and
2.4 � 103 waters will fill a cube approximately 42 Å on a side. From
this simple calculation, we must conclude that these thermo-
chemical measurements made on the PEG solutions involve two
different length scales. The smaller one, that of the water’s activity
measurement is about 3 Å, and the larger one, that of the solution
structure change, is at least 40 Å; these lengths differ by more than
an order of magnitude. Even though the DG� becomes more
negative spatially closer to the PEG molecules, which makes this
simple calculation incorrect in detail, its value still remains the
correct order of magnitude.

As is well accepted, the vapor pressure of a solution is a colli-
gative property, which, for the ideal case, is generally understood to
result from the increase in entropy in the solution compared to the
pure solvent. It occurs due to the entropy of mixing, which reduces
the chemical potential [51]. However, an underlying assumption is
that the molecular volumes of the solvent and solute are the same,
which is not the case for polymer solutions. Many adjustments have
been suggested to compensate for such solute-solvent size
mismatches [52e55]. Here, the preference is to view the changes as
due to the different length scales of the measurements: that of aw
and that of the change in the solution structure leading to the
change in, e.g., the IR absorbance.

The general necessity of asking on what length scale a thermo-
chemical effect occurswas addressed by Rowlinson [56]who, among
others [57,58], associate an energy density or free energy density
with volumes within a solution. Rowlinson noted that the limits of
thermodynamics are those of the correlation length in the materials
being measured, a quantity that is much more commonly associated
with scattering experiments. The correlation length is a length
characterizing the inhomogeneities in the solution; below that
length, there is no significant thermodynamic difference for the
chemical structures involved. An alternative way we can state this
idea here is that no static structural inhomogeneities show up over
such distances unless the free energy is on the order of kBTor greater
over that distance. At energies lower than kBT over a distance, one is,
in essence, in the bulk at that length scale. The bulk may be either in
the solvent region or in the polymeric solute region. Another alter-
native statement of this characteristic is that, among other struc-
tures, interfaces extend on the order of the solution correlation
length. In a simple liquid, the correlation length is about 10 Å, and
the volume associated with that approximates L3 ¼ 1000 Å3. For the
PEG solutions, the correlation length appears to be significantly
longereabout the longest dimension of the polymer.

The existence of a structure that only shows up over distances
many times those of the solvent molecule size in the liquids
has been found in other measurements. For example, in water
Jansson [59] measured a slow dielectric relaxation of a Debye
character with a peak at 4 MHzefive orders of magnitude slower
than the a process below 37 �C (The Debye character is defined by
an exponential relaxation and modeled as arising from a noninter-
acting population of dipoles [20,60]) In water, among other
hydrogen bonding liquids, a Debye relaxation is believed to arise
from the collective motion of hydrogen-bonded structures, and the
distance associated with this collective motion is estimated to arise
from interactions over a distance of about 10Å [59].

The mechanical properties of the liquids further support the
presence of longer correlation lengths in the form of collective
interactions over longer distances in “nonequilibrium states in
large groups of molecules”. [61] Derjaguin et al. [61] showed that
with a low frequency mechanical perturbation, a number of liquids
including water exhibit solid-like shear elasticity. In addition,
Noirez et al. [62] demonstrated that the mechanical relaxation of
liquid glycerol when done with small displacements and without
slip at the perturbing surface behaves as an elastic solid [63]. At
higher displacements, the elasticity vanishes, and conventional
liquid behavior returns.

In the PEG solutions, the distances/volumes necessary to collect
kBT energy from the water are at least as large as the PEG molecules
themselves. From neutron scattering data we can discover the
structure of the PEGs in the solvent, and that is the topic of the next
sections.

3.6. The intramolecular and intermolecular structures of PEGs in
water

3.6.1. The intramolecular structures
Prior work [4] with neutron scattering obtained on PEG solu-

tions similar to those here has concluded from the radii of gyration
of the molecules in dilute solutioneas listed in the first column of
Table 4ethat the PEGs are, indeed, solitary polymer molecules in
dilute solution. But those values do not provide information on
their shapes.

The possible shapes are limited by the trend in the radius of
gyration Rg with molecular weight. The mass dependence requires
a structure either of a plate or of a random coil [4]. This dependence
eliminates from consideration ellipsoidal aggregates such as
proposed by Thiyagarajan et al. [7] The elimination of the random
coil model rests simply on the presence of broad peaks in the SANS
curves at the higher concentrations for the PEG 2000, 4000, and
8000. Only individual scatterers can produce a peaked scattering
curve. Polymer random coils overlap and do not exhibit peaks in
such scattering curves. (Logelog graphs of I(q) versus q for these are
shown in the Supplement.)

Another model, scattering from a solution of solvent-expanded
polymers, can be fit to some of those scattering curves. However,
this model is incompatible with other data: 1) the presence of the
broad peaks at higher concentration, and 2) apparent Rg values of
that model that change significantly with concentration. The
possibility of the apparent change is contradicted by the
unchanging infrared band frequencies. The model of PEGs as
solvent-expanded polymers under these conditions is invalid.

In addition, from neutron scattering results not illustrated here,
gels do not form until the solutions are approximately 20 mass
percent, which also indicates a lack of overlap at these lower
concentrations.

The only valid interpretation remaining is that the scattering
arises from PEGs that are flexible plates one molecule thick for the
molecular mass range from 2000 Da to 8000 Da. The dimensions of
these plates are listed in the first column of Table 4 [4].

By eliminating Gaussian chain or expanded Gaussian chain
structures, we are forced to accept that the structures of these PEG
molecules are flat. It is worth noting that NMR experiments
measuring rotational diffusion for a range of PEGs in the same



Fig. 10. S(q) and fits as rigid, paired sheets for PEG 2000 3%, 5%, and 9% solutions.

Table 4
Intermolecular model results for S(q) curves.

Sample (wmolecular dimensions)
Rg/Å from fitsa

PEG concentration%
w/w

Av intermolecular
dist/Å from peak S(q)
(�est read error)

Model plate
Separationb (Å)

Separation/Av number
waters @ 2.5 Å separating
sheets ¼ 2 � depth of hydration
(s.d. in last digit)

Calculated intermolecular
N1 neighbor distance/Åc

PEG 2k (20 � 42 � 4) 16 3 50 (4) 22 8.8 (3) 111
5 35 (2) 15 6.0 (3) 93
9 26 (2) 11 4.4 (3) 77

13 22 (2) 10 4.0 (4) 68

PEG 4k (28 � 78 � 4) 24 3 48 (6) 22 8.8 (3) 140
5 35 (3) 14 5.6 (4) 117
9 27 (3) 12 4.8 (4) 96

PEG 8k (42 � 100 � 4) 31 3 41 (4) 18 7.2 (3) 176
5 32 (3) 15 6.0 (3) 148

a From Ref. [4]. 0.5% solution.
b Estimated reading uncertainty in peak matching: �1 Å
c Assumes the density of PEG in solution ¼ 1.20 g cm�3 and N1 neighbors at the center of faces of a rhombic dodecahedron.
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molecular mass range as used here indicated that the molecules
were highly anisotropic [64]. In addition, light scattering and other
methods evidence shows that PEG 400 [65] and smaller and larger
oligomers [66] reversibly forms clusters, which indicates that we
should expect the intrachain association of the higher molecular
weight PEGs and not expanded, hydrated molecules forming under
these conditions.

3.6.2. The intermolecular distances
The following discussion is based on the SANS intermolecular

scattering curves found by calculating S(q) with Equation (2). The
set of S(q) curves for PEG 2000 is shown in Fig. 10. In effect, without
modeling any structure, the calculation produces from S(q) ¼ I(q)/
P(q), where P(q) is the scattering from isolated molecules (assumed
noninteracting in 1% solution).

A peak in the S(q) curves indicates the average intermolecular
distance between PEG molecules as if they were uniform spheres.
Modeling is required to find the distance between two highly
anisotropic entities such as the slablike PEGs. However, to compare
with the peaks in the S(q) curves, let us first calculate the expected
center-to-center distances for each PEG concentration and molec-
ular weight. That is, we calculate the expected distance between
equally spaced scatterers in solution. To do so requires that each
(central) particle be equidistant to its nearest neighbors (N1), and,
just as importantly, the nearest neighbors are spaced from their
nearest neighbors at the same distance. A calculation to find this
distance as a function of concentration is straightforward since
these stringent requirements are satisfied if twelve nearest neigh-
bors reside at the centers of the rhombic faces of a rhombic
dodecahedron. This shape is space filling through translation, and,
as a result, models a solution of particles equally spaced with their
nearest neighbors.

To carry out the numerical calculation, we note that the volume
of a rhombic dodecahedron equals 3.079 � (edge length)3 and
contains seven particles in its volumeethat is, 12 � ½ þ 1. As
a result, the number density of rhombic dodecahedra equals one-
seventh the number density of particles. From that value, the
volume of each follows. Then, from the geometry, the rhombic
dodecahedron edge length and then expected particle separation
can be calculated. The center-to-center value is

center� to� center distance
�
in�A

�

¼ 1:27� 103ðconcentration in mMÞ�1=3

In Table 4, these distances are listed in the rightmost column. As
can be seen by comparing these to the distance equivalent to the
peak in S(q) in column 3, the experimental distances are consis-
tently less, which indicates association in some way of the PEG
molecules in the solution. The similarities of the peak value
distances with weight fraction for the three different molecular
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weights indicates that the controlling variable is the PEG-
monomer:water concentration ratio.

Since the data indicates association of molecules that have sheet
like structures, a more quantitative evaluation of the structures
involved was undertaken. However, in order not to overinterpret
the data and to make a simulation tractable, a significantly
simplified model was developed. The structures were assumed to
be rigid, flat plates the size of the PEG as given in the first column of
Table 4. We expect that if any attraction occurs between them, then
they will align with the large dimensions parallel and face-to-face.
In addition, they should have their edges aligned since the attrac-
tionwill be maximized if they completely overlap; any offset would
reduce the area of attractive interaction. As will be discussed below,
we expect that the plates are not rigid, and the differences between
the calculated scattering of the rigid intermolecular structures and
the experimental curves support that interpretation. In addition,
pairs of plates were satisfactory in explaining the data, and
a stacked triplet was not better. In effect, we cannot eliminate
stacks of many layers, but if such stacks exist, the correlations
between them die out beyond the nearest neighbor.

By using this simplified model, we only attempt to match the q
at the peak, but the calculated curve is scaled to fit as much of the
experimental data as possible. Fits for the PEG 2000 solutions of 3%,
5%, and 9% are shown in Fig. 10. The plate separations, found from
the model when the model’s peak matched the S(q) data peak, are
listed in the fourth column of the table. The number of layers of
water molecules that will fit into that spacing appears in the fifth
column. The thickness of a layer is taken to be 2.5 Å as found from
AFM measurements of water on mica [67], which is described in
greater detail below.

The two regions on either side of the peaks show some
discrepancies between the model fits and the data. Both provide
useful information about the structures. First, the departure on the
high-q side of the data (to the right side), where the data points lie
below that of the rigid model, can occur when the correlation is not
as high as modeled by rigid structures. This lower correlation can
occurwhen themolecules have a distribution of structuresewhen it
isflexible. As noted earlier, evidence of suchflexibility appears in the
infrared spectra, where the shorter PEGs appear to be have more
conformations.We expect that the ends of the chains are disordered
in the same manner. Further, we see that the data departs from the
rigid model at q ¼ 0.25, a distance of about 6.28/0.25 ¼ 25 Å for the
lower concentrations. This is the width of the plates for PEG 2000
with the implication that the pairing is structurally flexible.

Significant flexibility on short length scales is also apparent.
Bieze et al. [68] obtained higher-angle neutron scattering in the
range 0.6 Å�1 < q < 13 Å�1 to probe the local structure of PEGs in
this mass range. No structured water was seen, and the intra-
molecular correlations extended only to z5 Å. The measurement
used PEG 14,000 and d-PEG 11,200.

On the low-q side of the peak, the 3% and 5% solutions fit quite
well, and this is not surprising since below q z 0.14eequivalent to
the longest length of the moleculeethe scattering arises from the
entiremolecularmass, and this curve shape is characteristic of SANS
scattering. The discrepancy for the 9% solutionmayarises froma few
different structural effects: 1) Crowding in the solution means that
the model of solitary individual pairs is no longer a good approxi-
mation. 2) The separation of intramolecular and intermolecular
componentseS(q) and P(q) respectivelyedoes not hold over the
entire range since the molecular shape does not remain the same.

3.7. Pairing and the deep hydration of PEGs and other examples

Let us now turn to the structure of the PEG pairs separated by
water and the cause for their formation. Their structure can be
understood simply as two hydrated plates that have layers of
waters that decrease in binding energy as the distance from the
plate surface increases. By quantitating the separation of the plates
as it changes with PEG concentration, we postulate a method to
assign free energies to individual layers by connecting the local,
molecular level information with the bulk measurement of aw.

The pairs themselves form because the PEGs are binding waters
sufficiently deeply that they bind across the midpoint of the sepa-
ration of the plates. In other words, thewatermediates the pairwise
attraction; it is strongly bound enough at the middle to hold the
molecules together. On the other hand, in order to bring the
molecules closer together, an entire layer of water must be
removed (with the approximation of sufficiently stiff plates). For
PEG 2000, approximately 140 waters must be removed, and
proportionally more for the higher molecular weights. In other
words, the total energy required to remove the layer means that
the mediating water also holds the plates apart. The attraction
and repulsion are two sides of the same water mediation; they
are not independent. A similar viewpoint was put forth by Leikin
et al. [69] but with data from a much more concentrated solution
of collagen. Quantitation of the energies here will provide more
insight.

While the free energy change is attributed to water alone, our
system contains 10 mM of phosphate buffer near neutral pD and
10 mM KCl. By holding the pD near neutral, the possibility of
deuteron binding has been minimized while simultaneously
minimizing potential hydrolysis. The binding constant of Kþ is ex-
pected to be low given the data cited in the Section 2.1. As a result,
binding of Kþ to PEG in 10 mM KCl buffer will be neglected as
contributing to the pairing or perturbing the measured water
activity outside of experimental uncertainty.

A number of other chemical structures explicitly show
numerous layers of hydration. Water itself might be considered
deeply hydrated since it has ordered structures that are observable
by scattering; the OeO structural correlations are observed clearly
up to 8 Å depth [70].

Another example, and perhaps the best known, is the fixed
spacing between bilayers in multilayer liposomes [5,6]. In the
presence of excess water, the spacing between the bilayers are in
the same 20 Å to 30 Å range detected here at the low concentra-
tions of PEGs, and the spacing does not depend on ionic strength
[5].

Through the use of a number of complementary techniques,
Filfil and Chalikian [71] inferred that upon binding of turkey ovo-
mucoid third domain to a-chymotrypsin, 452 � 22 waters mole-
cules were released to the bulk. However, over the contact surface
area, the first hydration layer consists of 171 waters, which means
that 2½ water layers are released.

An even deeper effect on thewater layer is found from the depth
of a smooth water layer adsorbed on quartz surfaces at equilibrium,
and it is strongly dependent on the surface wetting characteristics.
Depending on the surface, the equilibrium thickness of the layer
can differ by more than 100 Å at 25 �C with the vapor pressure at
0.975 of saturation. [72].

Zheng et al. [73] using a number of different methods found that
hydrophilic surfaces produce a zone for distances up to 100 mm
where the water is less mobile than the bulk. In addition, this less
mobile region causes solutes such as proteins to be excluded from
the volume.

However, even without the mass transfer required for mobility,
the orientational correlation length of molecular liquids including
D2O appears to be greater than 5 nm. This conclusionwas found by
second-harmonic Rayleigh light scattering on the liquids [74]. A
more precise correlation length for water requires more theoretical
advances.
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Similarly, on a mica surface in a solution of 10 mM KCl, Jeffery
et al. [67] observed increases and decreases in damping (viscosity)
and stiffness over a countable seven water layers as an AFM tip
approached the surface.

Recently, Fameau at al. [75] found that somemixed hydroxyalkyl-
amine-12-hydroxy stearic acid bilayers formedmultilayer tubeswith
interlayer spacings. The interlayer spacingsdependon the alkylamine
chain length and on temperature and lie in the range of 200 Å to
400 Å.

On shorter distance scales, Kþ ions show evidence of a second
hydration shell with enough correlation to show up in neutron
scattering. [76] And the aqueous solution structure surrounding
t-butanol appears to have order up to the third hydration shell
along the direction of the alcoholic hydroxy group [77]. Again this
was found by neutron scattering. In addition, Heyden et al. [44]
using pulsed THz spectrometry on aqueous solutions of carbohy-
drates found that the solutes effect the dynamics of hydration
shells to a depth of z6 Å. The depth depends on the molar
concentration of the solute and the number of hydrogen bonds
with waters. That is, the larger carbohydrates had an effect deeper
into the hydration layer. The same group [78] found that the
changed dynamics of the hydration layer surrounding a protein
extends at least to a distance of 10 Å, equal to four layers of
hydration.

3.8. Assigning free energies to the hydration layers

To make the assignment of free energies to hydration layers
requires that we relate the measured water-activity/free-energy
over the concentration range to the changing distance between
the paired PEGs. To relate a structure on the molecular distance
scale to a macroscopic measurement requires a few assumptions.
First, we assume that the hydration extends outside the PEGs half
the distance between them. Second, we also assume that the free
energies of the waters of the layers between the pairs of PEG
molecules are the same as the corresponding layers on both
outsides of the pairs of PEGmolecules. As a consequence, to remove
a layer between a pair of PEGmolecules, wemust remove that layer
and the two approximately energetically equivalent ones outside
the pair. Numerically, if 150 waters fit in a layer between a pair of
PEG molecules, around 450 need to be removed to bring the pair of
PEG molecules closer together by one layer thickness.

The distances between the plates at the various concentrations
of PEGs are listed in column 4 of Table 4. Half this distance is
assigned as hydration waters belonging to each side of the PEGs.
From the average thickness of a layer, we can relate the thickness to
the number of hydration layers. One choice for the layer distance
may be the peak of the OeO correlation length from water scat-
tering, which is (2.80� 0.02) Å [70]. Another choice is the hydration
layer spacing at a mica surface found by AFM as measured peaks
and valleys as the surface is approached. The average peak-to-peak
length found was (2.5 � 0.3) Å [67]. We choose to use the 2.5 Å
length as applicable to the conditions found for the PEG hydration.
With that divisor, the equivalent number of water layers is the
Table 5
Layer free energies at 25 �C.

Interpolated
number of layers

PEG 2000% concentration
at which separation is
2 � number of layers

PEG 4000% concentration at
which separation is
2 � number of layers

4 2.8 2.9
3 4.0 3.7
2.2 6 (transition) 6 (transition)
2 8.1 9.1

a Data from Grobmann, Ref. [1].
values shown in column 5. As stated before, half this number of
layers is assigned to each side of the individual PEGs.

We can now ask about the stoichiometric information at the
structure break at about 6% PEG. There, interpolation indicates that
the plate separation of the PEG 2k and 4k to be 13 Å to 14 Å, with,
then, about five layers of water between plates. This also means
that about 2½ layers of water are attached to each side of the PEG.
Since an ethylene oxide monomer in the chain fits three waters
along its length, there are 15 waters per EO on the two sides. Since
6% PEG in the water has a monomer EO concentration of 1.36 M.,
with 15 waters on each EO, 20 M water of the 55.5 M is, then,
considered bound.

We now must calibrate the local measurement of 20 M water
bound with the measurement of aw that follows from the macro-
scopic surface vapor pressure. Within the constraints of the
approximations, we can relate the activity of the outer layer of
water to the macroscopic measurements by finding the macro-
scopic water activity when the least strongly bound water that
exists in the solution comes from that distance away from the PEG
surface. In other words, we assume the local structure around the
PEGs with their spacing in the solution remains the same when the
bulk solution has the same stoichiometry. This assumption is not
easily supported since the PEGs will approach closer together as the
PEG:water ratio is increased to the more concentrated point. But
such an approximation is necessary to connect the nm scale to the
macroscopic thermochemical measurement. The calibration may
be skewed by a layer of water, but similarly, the bulk escape
capability of the waters at the surface are connected to the bulk
properties with similar uncertainties at the nm scale for such
solutions.

With these caveats, the outer layers of waters of the PEG 6%
solution are then relatable to a solution with a weight percent PEG
of 14.2% with a monomer EO:water ratio equal to15, and the value
of aw ¼ 0.99797 by interpolating from Grobmann’s values for PEG
6000. With that activity at 25 �C, DG�

water ¼ �1.18 cal mol�1. We
assign this value to the outer “half layer” of waters binding the PEG
and also to the central layer of the five between the PEGs. In the
same way, the free energy assigned to pairs with four, three, and
twowaters between them (outer layers 2, 1½, and 1) are found, and
these are listed in Table 5.

These small free energies set the quantity of waters that are
required to amass a DG� of kBT compared to the standard state of
pure, bulk water. The number of waters to “collect” kBT for the four,
three, and two separation layers z1500, 750, and 300 to be
removed from binding and transferred into the bulk water envi-
ronment. Fewer waters are needed to equal kBT closer to the PEG
surfaces. As noted in the assumptions, we cannot differentiate
between the layers outside of and between the PEGs.

.From the scattering results, all the PEGs form gels above about
20% PEG, which corresponds to an extrapolated 1.5 to1.8 water
interlayers. This is where aw gives a binding energy DG� of
�3.6 cal mol�1. In other words, the gel forms as the second inter-
planer layer begins to be removed leaving only a single water
between the polymer chains. The number of waters needed to
% concentration where
overall stoichiometry
equals separation hydration

Interpolateda aw Average DG� of water
layer in cal mol�1

9.5 0.99928 �0.4
12.2 0.99865 �0.8
15.7 0.99731 �1.6
17.4 0.99640 �2.1
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retain the structure in this intimate association between the water
and PEG matches the conclusion reached by Assarsson [79] from
vibrational spectra measured by neutron inelastic scattering as D2O
was added to the solid: Namely that 8 to 9 waters per EO are
needed to build a solvent structure capable of stabilizing the
polymer. At that point the skeletal modes sharpened.

4. Conclusions

Trends of measurements on aqueous PEG solutions indicate that
the solution structure depends on both the molecular mass and
PEG concentration. Vibrational spectra shows that the PEGs 1000 to
8000 are more restricted in structure than the PEG 200 and PEG
400 solutes. A change in solution structure is observed at approx-
imately 6% mass fraction PEGs at constant pH and ionic strength.
From the vibrational spectra, the change is attributable to changes
in the water structure of multiple layers of hydration.

Neutron scattering data is consistent with PEGs that are sepa-
rated by equilibrium distances that are less than expected from
randomly distributed solutes in the solution. Consistent with the
scattering data, the nominally 2000 Da, 4000 Da, and 8000 Da PEGs
form flexible flat sheets, and a model of face-to-face sheet pairs can
be used to relate the peaks of the intermolecular scattering to the
intersheet distances as they vary with PEG concentration. As
a representative value, a 3% solution of PEG 2000 has approxi-
mately 22 Å between the sheets, into which 9 layers of water 2.5 Å
thick can fit. Through a calibration between the local structure at
one concentration and the measurement of a bulk water activity at
a different, related, higher PEG concentration, the value of DG� of
�0.4 cal mol�1 can be assigned to the fourth layer out from the PEG
in the 3% solution.

It is noted that the thermodynamics of each measurement has
an associated length scale. The length scale associated with the
water activity measurement is in the range of 3 Å, and that for the
water structural transformation around 6% PEG is in the range of
over 40 Å. A similar dichotomy of length scales is expected to be
needed to explain equilibria for solutions where a large number of
waters change in concert on a length scale defined by a large solute.
Proteineprotein binding during crystallization is one class of such
interactions. In effect, small free energies per unit volume of the
outer layers of water moleculeseon the order of�1 cal mol�1 e are
harnessed by the larger solutes to change in concert over a volume
large enough to produce solution structural shifts differing in
energy by greater than RT.
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