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The effect of the guanidinium cation on the hydrogen bonding strength of water was analyzed using temperature-
excursion Fourier transform infrared spectra of the OH stretching vibration in 5% H2O/95% D2O solutions
containing a range of different guanidine-HCl and guanidine-HBr concentrations. Our findings indicate
that the guanidinium cation causes the water H-bonds in solution to become more linear than those found in
bulk water, and that it also inhibits the response of the H-bond network to increased temperature. Quantum
chemical calculations also reveal that guanidinium affects both the charge distribution on water molecules
directly H-bonded to it as well as the OH stretch frequency of H-bonds in which that water molecule is the
donor. The implications of our findings to hydrophobic solvation and protein denaturation are discussed.

Introduction

Guanidine salts, such as guanidine-HCl, have been used for
over 70 years to destabilize or completely denature proteins in
solution.1-3 Guanidine salts have proven to be particularly useful
in the biochemical and biophysical study of protein folding,
since a great number of proteins can be successfully refolded
by dialyzing out the salt.4 Despite many avenues of investigation
over the course of many years, the exact mechanism by which
the guanidinium cation (Gdm+, C(NH2)3

+) destabilizes the
folded structure of proteins is still a matter of debate and
speculation.5-7 The primary reason that has been proposed for
Gdm+ denaturation of proteins is that Gdm+ directly interacts
with the protein or some part of it,2,8-13 while alteration of the
solution water structure has been studied much less than for
the other common chemical denaturant, urea, and has been
ignored or minimized as a possible denaturation mechanism.8,14-18

While there is certainly excellent evidence for the direct
interaction model of guanidinium’s protein denaturation action,
this particular model certainly does not rule out the possibility
for other causes. Here, we offer support for an additional
mechanism for the destabilization and unfolding of proteins
whereby Gdm+ restructures the solution water. We hypothesize,
as have others,7,18-23 that the Gdm+ cation might, in fact,
destabilize folded proteins by altering the H-bonding network
of water, such that the native, folded state of a given protein is
no longer energetically favorable, and net equilibrium is shifted
towards unfolded states.

To test this hypothesis, infrared spectroscopy was used to
examine the OH stretching vibration of dilute HOD in D2O
solutions containing different concentrations of dissolved guani-
dine salts. Infrared spectroscopy is sensitive to changes in the
environment and interactions local to vibrating molecules, and
therefore the infrared absorption lineshapes of those vibrating
molecules can be used as a probe of their environment. Also,
for dilute solutions of HOD in D2O, an individual OH oscillator
is almost completely decoupled from other OH oscillators,
making the OH a selective and independent local probe. In

contrast to other experimental methods previously used to probe
the structure of water in a guanidinium-containing solution, such
as neutron diffraction, calorimetry, and NMR, infrared spec-
troscopy is a uniquely sensitive probe of H-bond strength.

Since nearly all biological phenomena occur in an aqueous
environment, solution FTIR spectroscopy can be a particularly
useful technique for investigating biologically relevant interac-
tions. Of particular interest in biological solution spectroscopy
is how and to what degree biological solutes affect the structure
of water. Because of its ability to form strong H-bonds with
both itself and with solutes, water has the ability to solvate a
tremendous variety of biologically relevant molecules. In
addition, the ability to both donate and accept H-bonds allows
water to adopt a flexible, three-dimensional H-bond network.
This H-bond network is responsive to both external and internal
perturbations, such as those caused by the addition or removal
of thermal energy or by the addition of solutes.

Temperature excursion IR (TEIR) is very useful for studying
H-bonded systems such as aqueous solutions.24-28 The structure
of the H-bond network of water is sensitive to changes in
temperature, and these temperature-dependent structural re-
arrangements of the H-bond network are reflected in the
spectra.25-27,29 Since TEIR involves the collection of data at
many different temperatures, the thermodynamic response of
the OH stretch of water containing a solute of interest can be
compared to the spectra of pure water to often yield both
qualitative and quantitative structural details of the H-bond
network.

In this paper, we examine the temperature dependence of
water in the presence of guanidine-HCl and guanidine-HBr
salts (Gdm+/Cl- and Gdm+/Br- in solution) using TEIR. We
analyze the OH stretch spectrum of dilute HOD in D2O samples
using a straightforward ratio of absorbances on either side of
the OH stretch peak maximum. Our results show that these
guanidine salts drive the preferential formation of strong, linear
H-bonds over weak, bent H-bonds. Quantum chemical calcula-
tions also indicate that a distinct portion of the OH stretch
spectrum, a shoulder at ∼3300 cm-1, arises from water
molecules directly accepting an amino H-bond from a guani-
dinium cation. We conclude that the H-bond network of water
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is substantially perturbed by guanidinium, and we discuss the
relevance of this restructuring to Gdm+ denaturation of proteins
and contrast it with previous findings for the other commonly
used chemical denaturant, urea.

Materials and Methods

Materials. In our experiments, H2O was deionized and then
glass distilled. D2O was purchased from Acros Organics (Geel,

Belgium). H2O and D2O were degassed by aspiration before
sample preparation. C13/3N15 labeled guanidine-HBr was
purchased from Cambridge Isotope Laboratories, Inc. (Andover,
MA) and C13/3N15 labeled guanidine-HCl was purchased from
Sigma-Aldrich (St. Louis, MO). Both guanidine salts were
completely deuterated by successive rounds of dissolving in
excess D2O followed by lyophilization. C13/3N15 salts were used
in order to shift the NH stretching vibration to a lower frequency
such that it did not overlap with the OH stretching frequency.

Solutions at 7.27 molal (equivalent to ∼5.2 M, or 6.9 water-
to-Gdm+/anion mole ratio) for both of the guanidine salts were
obtained by dissolving them in a 5% H2O/95% D2O (v/v)
mixture, and then all lower concentrations were obtained by
dilution of the 7.27 m stock solutions with this same H2O/D2O
mixture.

Figure 1. OH stretch TEIR spectra for 5% H2O/95% D2O solutions
containing increasing concentrations of guanidinium chloride.

Figure 2. OH stretch spectra of 7.27 m Gdm+/Br- (dotted line) and
5% H2O/95% D2O water (dashed line) at 90°C shown, along with 5%
H2O/95% D2O ice at -10°C (solid line).

Figure 3. Ratio of spectral intensities at 3300 cm-1 and 3500 cm-1

for selected Gdm+/Cl- OH stretch spectra shown in Figure 1.

Figure 4. Shown here are graphical representations of the systems
for which the OH stretch frequency and natural population charges were
calculated. Calculations were also performed for a variation on these
systems in which the HOO angle (H5-O4-O1) was set at 45°. From
top to bottom, the monomer, dimer, trimer (H up orientation), trimer
(H down orientation), and guandinium-water dimer geometries are
shown, along with a numerical key to referencing Tables 1-4.
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Spectroscopy. Sample solution was placed between two 2
mm thick calcium fluoride windows, and spectra were collected
using a dry nitrogen purged Bruker IFS 66 infrared spectro-
photometer (Bruker Optics, Brookline, MA) fitted with an MCT
detector. The spectra were collected in transmission mode with
a 2 cm-1 resolution.

Using a circulating water bath, temperature at the sample was
held to +/-0.1 °C over the course of a spectrum acquisition.
Spectra were collected from low temperature to high at 5 °C
intervals. Spectra were corrected for H2O atmospheric contribu-
tion, baseline corrected, and converted to absorbance using the
OPUS software package (Bruker Optics, Brookline, MA) and
imported into MATLAB 7.6 (Mathworks, Natick, MA) for
further processing. MATLAB was also used to produce Figures
1, 2, and 3. Cubic spline interpolation was used to increase the
number of data points from 536 to 51 501 and yield a frequency
span of 3165 cm-1 to 3680 cm-1. Second-degree Savitsky-Golay
smoothing was applied to the interpolated data. Plot overlays
of interpolated and smoothed data and data with just atmospheric
and baseline correction confirmed that smoothing only removed
noise and did not perturb the underlying lineshape.

Quantum Chemistry. All quantum chemical calculations
were carried out using Gaussian 03, revision D.01,30 and the
B3LYP model chemistry31,32 and 6-311++G(d,p) basis set.33,34

We note that such a basis set is only suitable for the sort of
qualitative comparison presented here and not for quantitative
determinations of H-bond properties.35-39 In the context of
the calculations performed, all H-bonds described as “linear”
were actually set at 0.1° in order to avoid collinear atoms and
the more complicated Z-matrices needed to specify truly linear
H-bond angles in the water trimer and guanidinium/dimer cases.
The standalone dimer case was tested and showed miniscule
and negligible changes to atomic charges, vibrational frequen-
cies, and ground state energy when a truly linear H-bond
geometry was used in place of the 0.1° HOO H-bond angle.

A linearly H-bonded HOD/D2O water dimer was constructed
as a Z-matrix. This water dimer was partially geometry
optimized along the O-O distance, and the infrared frequencies
and natural population charges were calculated. Natural popula-
tion analysis, a part of the natural bond orbital formalism,40 was
used to calculate atomic charges.

Figure 5. Electrostatic potential maps at the solvent accessible surface (1.4 Å solvent radius probe) generated for the water monomer and linear
molecular configurations using Molekel 5.3.0.6 and colored by molecular electrostatic potential.
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Another D2O water molecule was added to the starting dimer
Z-matrix to build a chain of three linearly H-bonded water
molecules. Two trimer geometries were used, a hydrogen “up”
configuration and a hydrogen “down” configuration, differ-
entiated by a 180° difference in the terminal hydrogen dihedral
angle. The trimer systems were each partially geometry
optimized along the O-O distances, and the infrared frequencies
and natural population charges were calculated.

Finally, a deuterated guanidinium cation was added to the
water dimer Z-matrix such that it donated a single linear amino
H-bond to the oxygen of the HOD molecule. The internal
geometry of the cation was fixed, based on a separate previous
geometry optimization, and partial geometry optimization was
carried out along the O-O distance of the two water molecules
and the guanidinium deuterium/HOD oxygen distance. Infrared
frequencies and natural population charges were calculated for
the optimized system.

All OH/OD lengths were fixed at 0.991 Å and the HOD/
DOD angles were fixed at 105.5°, as per the findings of
Silvestrelli and Parrinello concerning condensed phase water.41

Complete optimized Z-matrices used to obtain results are given
in Supporting Information. Atomic models of the systems
studied in the linear HOO angle case are shown in Figure 4,
and were visualized using Gaussview 3.07. Electrostatic po-
tential maps (Figures 5 and 6) were generated using Molekel
5.3.0.6. The surfaces shown are the solvent accessible surfaces,
probed with a 1.4 Å solvent radius and colored by molecular
electrostatic potential. Electron density maps (Figures 7 and 8)
were generated using VMD 1.8.642 and rendered using Tachyon
0.97.43

Results

A. IR Spectroscopy. OH stretch spectra for all Gdm+/Cl-

concentrations measured are shown in Figure 1, along with a

Figure 6. Electrostatic potential maps at the solvent accessible surface (1.4 Å solvent radius probe) generated for the 45° HOO (H5-O4-O1)
H-bond angle molecular configurations using Molekel 5.3.0.6 and colored by molecular electrostatic potential.
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solute-free sample containing only 5% H2O/95% D2O. Similar
spectra were obtained at several of the same concentrations for
Gdm+/Br- solutions (not shown). Two features of note are
immediately visible in the Gdm+/Cl- OH stretch spectra that
are not seen in the 5% H2O/95% D2O spectra. The first is a
strong decrease in temperature dependence. The characteristic
shifts of both the low and high frequency parts of the OH stretch
spectrum are diminished as the concentration of Gdm+/Cl- is
increased. This effect is most pronounced at low frequency
(∼3200-3400 cm-1), where, for the more concentrated samples,
there is little change in lineshape with increasing temperature,
culminating in nearly complete temperature-independence below
3450 cm-1 for the highest concentration sample studied.

The second feature of interest is an increase in absorbance at
∼3300 cm-1. Like the change in lineshape temperature depen-
dence, this localized increase in absorbance can be seen even
at low Gdm+/Cl- concentrations, but it is most apparent at the

highest concentrations, where a shoulder is easily visible.
Although both the infrared and Raman OH stretch spectra of
pure water have long been known to possess a pronounced
asymmetry, as well as a characteristic temperature dependence,44,45

this data shows a profound change in the lower frequency water
OH stretch absorption with the addition of guanidinium.

The shoulder that grows in at ∼3300 cm-1 shows a minimal
decrease in absorbance with temperature, and therefore the
solvation environment that produces this feature must be retained
over the whole temperature range for high guanidinium con-
centrations. To emphasize this feature, in Figure 2, the spectra
of a solution of 7.27 m Gdm+/Br- and that of 5% H2O / 95%
D2O water at 90°C are overlaid. The figure also shows the
spectrum of 5% H2O/95% D2O ice at -10°C. A quantitative
measure of this shoulder’s appearance with an increase in
guanidinium concentration can be seen in Figure 3.

Figure 7. Electron density maps generated for the water monomer and linear molecular configurations using VMD 1.8.6. Contours are shown at
values of 0.01 (white), 0.05 (blue), 0.10 (red), 0.25 (yellow), and 0.50 (green).
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B. Computation. In order to rationalize the experimental
results, quantum calculations of water-water interactions and
water-guanidinium ion were undertaken. The graphical repre-
sentations of the systems studied are shown in Figure 4. This
figure shows geometries in which the HOO angle (H5-O4-O1)
was set at 0.1°, as well as the water monomer. Calculations
were also performed for a variation on these H-bonded systems
in which the HOO angle (H5-O4-O1) was set at 45°.

The calculated atomic charges are given in Table 1 for the
water monomer, in Table 2 for the water dimer, in Table 3 for
the water trimers, and in Table 4 for guanidinium plus water
dimer. Images of the electrostatic potentials are given in Figures
5 and 6. The Z-matrix geometries of the systems studied are
given in the Supporting Information.

Figure 8. Electron density maps generated for the 45° HOO (H5-O4-O1) H-bond angle molecular configurations using VMD 1.8.6. Contours
are shown at values of 0.01 (white), 0.05 (blue), 0.10 (red), 0.25 (yellow), and 0.50 (green).

TABLE 1: Calculated Charges for the Water Monomer
Systems

atom type atom numbera charge

O 1 -0.92048
D 2 0.46024
H 3 0.46024

a Atom numbers reference model 1 in Figure 4.

TABLE 2: Calculated Charges for the Water Dimer
Systems

atom
type

atom
numbera

charge
(0.1° H5-O4-O1)

charge
(45° H5-O4-O1)

O 1 -0.94514 -0.92934
D 2 0.47788 0.46579
D 3 0.47788 0.46579
O 4 -0.94971 -0.92511
H 5 0.48857 0.47427
D 6 0.45053 0.44859

a Atom numbers reference model 2 in Figure 4.
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In solution, water will be H-bonded to other molecules, so
for the discussion of charges, the atoms of most interest are O4
and H5, since this OH oscillator is the one that is H-bonded to
a neighboring water molecule. The results show that the donation
of an H-bond makes the donor water molecule’s oxygen take
on a more negative charge while the donor hydrogen becomes
more positive. When that H-bond donating water molecule
accepts an H-bond itself from a third water molecule, its oxygen
becomes even more negative and its hydrogen becomes more
positive. When the third water molecule is replaced by a
guanidinium cation, this effect is amplified, making the donor
water molecule’s oxygen its most negative and the donor
hydrogen its most positive.

With the addition of the guanidinium cation, the charge
difference between the water molecule’s hydrogen and oxygen
grows to almost 1.52 e, a charge disparity nearly 0.17 e greater
than that found in the isolated water monomer. For the case
where the H-bond of the water molecule of interest is increased
to 45°, the O4-H5 charge disparity decreases by approximately
0.03 e. The atomic charges of the water molecule that is outside
of the first sphere of interaction with guanidium is likewise
affected by interaction with guanidinium, although considerably
less so than O4 and H5.

The frequencies of the stretching vibration of O4-H5 for
the five model systems are given in Table 5. As is expected,
the vibrational frequency drops considerably (3500 cm-1 to 3462
cm-1) when the HOD monomer donates a linear H-bond to
another water molecule. The frequency becomes even lower

when the H-bond donating water accepts an H-bond from
another water molecule (3462 cm-1 in the dimer to 3444 cm-1

or 3447 cm-1 in the trimer). However, the most dramatic change
in frequency occurs when the H-bond donating water accepts
an amino H-bond from a guanidinium cation. In this case, the
O4-H5 vibrational frequency drops to 3395 cm-1. This large
shift is of the order of magnitude that is experimentally observed.

We note that the effect of the guanidinium cation’s amino
H-bond donation on the OH stretch vibrational frequency is
canceled out when the HOO (H5-O4-O1) angle is increased
to 45° (Table 5). This is true for the trimer cases as well,
showing that a simple redistribution of charges cannot fully
account for the large changes seen in the O4-H5 vibrational
frequency. However, we do observe decreased electrostatic
potential (Figures 5 and 6) in the region of the H5-O1 H-bond
when the angle of that bond is increased, as well as a very large
decrease in electron density overlap (Figures 7 and 8).

Finally, we need to point out caveats for these calculations.
In a true liquid solution there is a distribution of H-bond angles,
and each water molecule is further H-bonded to others to form
the H-bond network; therefore, these calculations represent a
simplified picture of the chemistry. Although these calculations
do not exactly mimic the experimental reality, they do offer
strong support for the trends observed in the infrared spectra:
that the H-bonding network in guanidinium-containing solutions
favors linear H-bonds, which accounts for the overall shift to
lower frequency absorption seen in the OH stretch band of
guanidinium solutions, and that the acceptance of a guanidinium
H-bond by an OH oscillator that is itself donating a linear
H-bond causes a large decrease in that OH’s vibrational
frequency.

Discussion

The results presented in this study demonstrate that the
guanidinium cation has a substantial effect on water structure.
These results are significant in that the techniques employed
experimentally probe the H-bond network directly and correlate
well with model quantum chemistry calculations. Changes in
the OH stretch spectra are indicative of changes in the local
H-bonding environment of OH oscillators,46-50 and, as can be
seen qualitatively in Figure 1, the OH stretch spectra are highly
altered by the addition of guanidinium.

The fact that the OH stretching vibrations go to lower
frequency, and therefore lower energy, with the addition of
guanidinium is important. Low-energy OH vibrations can be
attributed to shorter, more linear H-bonds.25-27,50-53 The ultrafast
spectroscopic research of Laenen et al.,52 Wang et al.,50,53

Woutersen et al.,54 and other groups indicate distinct structural

TABLE 3: Calculated Charges for the Water Trimer Systemsa

atom
type atom number

H-up orientation
charge

(0.1° H5-O4-O1)

H-up orientation
charge

(45° H5-O4-O1)

H-down orientation
charge

(0.1° H5-O4-O1)

H-down orientation
charge

(45° H5-O4-O1)

O 1 -0.94915 -0.93924 -0.94846 -0.93648
D 2 0.48211 0.47072 0.48224 0.47024
D 3 0.48211 0.47072 0.48224 0.47024
O 4 -0.97304 -0.94904 -0.97323 -0.95070
H 5 0.50282 0.49129 0.50572 0.49504
D 6 0.47001 0.46823 0.46624 0.46349
O 7 -0.95637 -0.95792 -0.95622 -0.95300
D 8 0.49414 0.49484 0.49422 0.49519
D 9 0.44737 0.45039 0.44725 0.44596

a Atom numbers for “H-up orientation” reference model 3 in Figure 4, and atom numbers for “H-down orientation” reference model 4 in
Figure 4.

TABLE 4: Calculated Charges for the Guanidinium/Water
Dimer Systems

atom
type

atom
numbera

charge
(0.1° H5-O4-O1)

charge
(45° H5-O4-O1)

O 1 -0.96130 -0.95662
D 2 0.49595 0.48289
D 3 0.49256 0.47736
O 4 -0.99675 -0.97202
H 5 0.52080 0.51517
D 6 0.48922 0.48770
D 7 0.45315 0.45507
N 8 -0.75218 -0.74675
D 9 0.40918 0.40890
C 10 0.67050 0.67021
N 11 -0.75132 -0.75149
N 12 -0.75143 -0.75185
D 13 0.43031 0.43020
D 14 0.41468 0.41459
D 15 0.42009 0.42003
D 16 0.41653 0.41658

a Atom numbers reference model 5 in Figure 4.
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subpopulations of the OH stretching vibrational spectrum that
give rise to different OH stretch relaxation lifetimes, and the
extensive computational studies of Sharp et al.51,55 and others56

confirm these findings for a number of different water models.
Taken together, the experimental and theoretical evidence points
to a water network consisting of distinct H-bond populations:
strong, linear H-bonds and distorted, weak H-bonds.

Since the solutes studied are free from vibrational contribu-
tions that would overlap with the OH stretch of water, the
shoulder at ∼3300 cm-1 that grows in with Gdm+/anion
concentration can be attributed to a restructuring of the water
H-bond network by the ions. The same reasoning holds for the
differences observed in temperature dependence of the solutions.
The decrease in temperature dependence of the OH stretch
spectrum with the addition of guanidinium means that the
rearrangement response of the water network to the addition of
thermal energy is diminished. Our spectra indicate that the
presence of the guanidinium cation in high concentrations
structures water into a network that is, on average, resistant to
reordering when thermal energy is added.

The response of water to the presence of guanidinium is quite
different from urea, which produces very little change in the
OH stretch spectrum of water.51 Urea is a net uncharged
molecule, and so it is unlikely to have a substantial effect on
the natural charge distributions of the water molecules to which
it H-bonds. Like guanidinium, there is a great deal of evidence
for direct binding of urea to the folded protein or peptide
backbone.12,57-59 However, there is also a substantial amount
of research, both computational51,60,61 and experimental,51,62,63

that indicates that urea is “floppy”64 in solution and fits neatly
into the bulk water H-bond network, leaving water structure
mostly unperturbed.

Given the complex structure of the guanidinium cation and
its potential for multiple types of interactions with water, anions,
and other guanidinium cations, it seems most likely that
guanidinium, and not the anions, plays the primary role in the
network-wide restructuring of water. The OH stretch spectrum
of a high concentration KCl solution supports this idea.51 The
K+/Cl-solution does not show the visible low frequency
structuring of the OH stretch that a similar concentration of
Gdm+/Cl- does, indicating that the low frequency OH stretch
component that grows with Gdm+/Cl- concentration is not
simply due to an increase in strong OH-Cl interactions. To
fully simulate the IR absorption spectra would require a more
elaborate calculation than was carried out here, and would also
need to include the counter ion, but our quantum chemical
calculations do qualitatively indicate a trend that accounts for
the experimental spectral features; that both the charge distribu-
tion and OH stretch frequency of water are significantly altered
by H-bonding to guanidinium, and that the effect on OH
oscillator frequency is dependent on that oscillator’s donating
its own linear H-bond.

Our results show that, although the addition of a guandinium
amino H-bond to a water molecule does alter that water’s charge

distribution, the effect on charge distribution is only minimally
responsive to the angle at which that water molecule donates
an H-bond of its own. In both the water trimer and guanidinium
dimer calculations, the angle of the H5-O4-O1 H-bond had
very little effect on the distribution of charges. Instead, the
H5-O4-O1 H-bond angle had its most significant impact on
the O4-H5 vibrational stretch frequency and the degree to
which electron density was shared between H-bonded water
molecules, along with a decrease in electrostatic potential at
the H-bond site. Therefore, these results are consistent with the
notion of a covalent component to the H-bond that is dependent
primarily on H-bond angle.65

As guanidinium ions increase in concentration it can reason-
ably be expected that an increasing percentage of solution water
is involved in first-shell guanidinium solvation. Since it is known
that guanidine salts do not partition out of solution at the
concentrations used in these experiments, we can reason that it
must either (a) fit neatly into the bulk water H-bonding network,
thereby not disrupting water structure at all, or (b) rearrange
the H-bonding network of water such that it can solvate the
ions. Our data strongly indicates rearrangement of the H-bond
network by high concentrations of guanidinium, and an increase,
on average, in strong, linear H-bonds relative to weak, bent
H-bonds. This relative deficit in weak H-bonds implies that
guanidinium is forcing water to be overstructured, as compared
to pure water. This idea is also strongly supported by the
reduction in OH stretch temperature dependence of the con-
centrated guanidinium solutions.

The results we present here have very interesting implications
for the chemical denaturation of proteins by dissolved guanidine
salts. Direct interactions between guanidinium cations and
proteins have typically been indicated as the mechanism through
which guanidine salts destabilize and unfold proteins, and it
seems clear that direct binding must play a primary role in
protein denaturation. Though our experiments were not designed
to test the direct binding mechanism directly, our results do
show a substantial restructuring of the water network, and these
denaturation mechanisms need not be mutually exclusive. The
hydrophobic collapse model of protein folding states that
the primary force driving protein folding and stability is the
shedding of highly structured, entropically unfavorable, low-
density solvation water from hydrophobic residues exposed to
solvent.66-69 The collapse of these hydrophobic residues into
the protein interior releases the linearly H-bonded, low-density
waters back to the bulk solvent, thereby allowing the protein/
solvent system to attain a net lower energy state.

When the results presented here are contemplated in the
context of hydrophobic collapse, it can be seen how the
restructuring of the water network by guanidinium may play a
role in the denaturation of proteins. Guanidinium in high
concentrations, in addition to replacing much of the bulk water
in solution, causes an overall structuring of the water network,
making its H-bonds much more linear than those found in pure
water. The consequence of this solution-wide reordering for

TABLE 5: Frequency of O4-H5 Stretching Vibration for All Quantum Chemical Models

O1-H3 stretching
vibration
(cm-1)

O4-H5 stretching
vibration HOO angle

(H5-O4-O1) ) 0.1° (cm-1)

O4-H5 stretching
vibration HOO angle

(H5-O4-O1) ) 45° (cm-1)

model 1, monomer 3499.7268
model 2, dimer 3461.9444 3500.5098
model 3, trimer (H up) 3446.7225 3503.1583
model 4, trimer (H down) 3443.8779 3501.9835
model 5, guanidinium-water dimer 3395.1482 3502.1586
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folded proteins is that their hydrophobic residues would no
longer have as great an entropic drive to pack with one another
in the interior of the protein as they do in a non-denaturing
solution. With a large portion of the H-bonds in the high
concentration guanidinium solution already very linear, there
would be a reduced entropic penalty for their solvation of a
hydrophobic residue. We believe that this reduction of the
impetus for hydrophobic packing may be a factor in the
denaturing action of guanidine salts. This rationale may also
help in explaining the high relative solubility of molecules such
as benzene,23 hydrophobic amino acids,70 cyclic dipeptides,71

and hydrocarbons20 in Gdm+/Cl- solutions. The data presented
here does not provide for an estimate of the relative contribution
of denaturation mechanisms, but given that solvation water
structure plays such an important role in protein folding, it is
difficult for us to envision guanidinium water structuring being
a negligible component to the overall denaturation phenomenon.

Conclusions

We have presented here OH stretch spectra of the water
present in several different concentrations of Gdm+/Cl- solu-
tions. We showed that the spectra, and therefore the water
H-bond network, are altered by Gdm+. The TEIR solution
spectra show that the Gdm+ cation causes an increase in strong,
linear H-bonds. We performed quantum chemical calculations
that indicated a subpopulation of water OH oscillators in the
presence of guanidinium, causing the peculiar spectral features
we observed. Finally, we have indicated how these results could
play a role in destabilization and denaturation of folded proteins
by guanidine salts.
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