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Interactions between halide ions (fluoride and iodide) and t-butyl alcohol (TBA)

dissolved in water are probed using a recently developed hydration-shell

spectroscopic technique and theoretical cluster and liquid calculations. High

signal-to-noise Raman spectroscopic measurements are combined with

multivariate curve resolution (Raman-MCR) to reveal that while there is little

interaction between aqueous fluoride ions and TBA, iodide ions break down the

tetrahedral hydration-shell structure of TBA and produce a red-shift in its CH

stretch frequency, in good agreement with the theoretical effective fragment

potential (EFP) molecular dynamics simulations and hybrid quantum/EFP

frequency calculations. The results imply that there is a significantly larger

probability of finding iodide than fluoride in the first hydration shell of TBA,

although the local iodide concentration is apparently not as high as in the

surrounding bulk aqueous NaI solution.
1 Introduction

The affinity of ions for aqueous interfaces is at the heart of Hofmeister’s original
observations of the influence of salts on protein stability.1,2 However, many funda-
mental questions remain regarding the interactions between various ions and
proteins as well as macroscopic and molecular hydrophobic interfaces. Although
it is widely accepted that ions such as Na+ and F� (which ‘‘salt-out’’ non-polar
solutes) are repelled from hydrophobic interfaces, some experimental and theoretical
results suggest that the opposite is the case for large polarizable anions such as I�

and SCN� (which ‘‘salt-in’’ non-polar solutes). However, substantial questions
remain regarding the magnitude of the latter affinity and the distribution of ions
with respect to a hydrophobic interface, particularly when the interface is the hydra-
tion-shell of a dissolved hydrophobic group. Here we address the latter issue using a
recently developed hydration-shell spectroscopic technique,3–7 combined with effec-
tive fragment potential (EFP) molecular dynamics (MD) simulations and hybrid
QM/EFP calculations.8–11

Previous experiments, including mass spectrometry,12 X-ray photoelectron and
fluorescence spectroscopies,13,14 and nonlinear optical surface spectroscopies,15 all
suggest that large anions such as I� have an affinity for air–water interfaces, while
small ions such as F� do not (although some surface tension16 and gas bubble elec-
trophoretic mobility17 experiments are apparently inconsistent with that latter
conclusion). However, none of the above experiments are able to determine defini-
tively the degree to which I� has an enhanced likelihood of residing precisely at
the interface, as opposed to one or more hydration layers below the surface. Theo-
retical studies further suggest that the surface affinity of anions in liquid water and
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hydrate clusters can be quite sensitive to both ion size1,12,18–20 and polarizibility,21,22

although the relative importance of ion size and polarizability remains a subject of
debate.23

Here we focus on experimentally probing the interactions between halide anions
and molecular hydrophobic hydration-shells, whose high curvature and structure
might influence ion surface affinities. Previous theoretical and experimental studies
relevant to this issue have reached mixed conclusions. For example, classical polariz-
able molecular dynamics simulations have suggested that22a ‘‘.heavier halides
exhibit affinity to the amide group and to non-polar protein patches.resembling
their behavior at the air/water interface’’ while a more recent combined NMR and
simulation study of an uncharged elastin-like polypeptide, (VPGVG)120, in aqueous
NaSCN has refined this notion by showing that,22b although SCN� interacts with
backbone CHn groups, ‘‘.hydrophobic side chains do not contribute significantly
to anion binding or the corresponding salting-in behavior.’’.
In order to further investigate the interaction between salts and molecular hydro-

phobic interfaces we have performed hydration-shell spectroscopic measurements of
aqueous salt solutions containing an alcohol, (CH3)3COH (t-butyl alcohol, TBA),
whose three methyl groups provide a molecular hydrophobic interfaces which we
use to probe the interfacial affinity of F� and I� ions. Our results reveal clear differ-
ences between the influence of F� and I� on vibrational spectral features arising from
both the CH stretch of TBA and its hydration shell. Although some of our results
speak for themselves, we have attempted to further elucidate their structural signif-
icance with the aid of both ab initio cluster calculations, liquid MD simulations, and
hybrid quantum-classical calculations performed using the effective fragment poten-
tial (EFP) methodology.8–11 More specifically, the key question which we aim to
address is whether either F� or I� significantly populate the first hydration-shell of
TBA, and if so, how does the local ion concentration (and angular distribution)
compare with that in the surrounding bulk aqueous salt solution?
The remainder of this manuscript is organized as follows. In Section 2 we describe

the experimental procedures used to investigate the affinities of ions for themolecular
hydrophobic hydration-shell of TBA, as well as the cluster and liquid calculations
used to aid and extend the interpretation of our experimental measurements. The
results are described and discussed in Section 3, and then summarized in Section 4.

View Article 
2 Experimental and theoretical methods

A Raman-MCR experiments

The hydration-shell spectroscopic experimental technique employed in the present
work combines high signal-to-noise Raman spectra of variable concentration solu-
tions with multivariate curve resolution (Raman-MCR). We have previously
demonstrated the capability of this method in detecting H-bonds and pi-H-bonds
between water and polar solutes, ions, and aromatics, as well as the presence of
dangling OH bonds in the hydration shells of hydrophobic groups.3–7 In essence,
Raman-MCR facilitates the decomposition of two-component solution spectra
into pure solvent and solute-correlated (SC) contributions. The resulting SC spectra
may contain features arising from both solute intramolecular vibrations and solute-
induced perturbations of solvent molecules. Most of the results described in this
work have been obtained using an MCR algorithm called self-modeling curve reso-
lution (SMCR),24 which is an analytical (as opposed to iterative) method for
performing two-component MCR decompositions.
Since the present studies are concerned with interactions between species in three

component mixtures containing water, ions, and TBA, it might seem that a three-
component MCR algorithm would be required to decompose the measured spectra
into contributions arising from each component. We have previously demonstrated
that such three-component analyses (performed using MCR-ALS) can be used to
256 | Faraday Discuss., 2013, 160, 255–270 This journal is ª The Royal Society of Chemistry 2013
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extract SC spectra from reactive mixtures (such as acid–base equilibria).7 However,
in the present studies we have found that it is difficult to obtain reliable three-compo-
nent MCR-ALS results, presumably because the OH stretch features that are corre-
lated with each of the three components are all highly overlapped. Instead, we have
found that more reliable results are produced when using two-component SMCR to
analyze spectra obtained by varying one component concentration at a time. For
example, if only the alcohol concentration is varied, while holding the salt concen-
tration constant, then the three component mixture is reduced to an effective two-
component mixture in which the solvent is a salt solution, and thus the resulting
SC spectrum contains features arising from the hydration-shell of the alcohol in
the corresponding salt solution. On the other hand, if the alcohol concentration is
held constant and the salt concentration is varied, then the resulting SC spectra
contain features arising from the hydration-shell of the ions, and thus may include
features arising from both water and alcohol molecules which are perturbed by the
ions. Both of the latter two-component analysis strategies have proved to be useful
in the present studies, as they each provide different information pertaining the
interactions between ions and TBA.
All of the Raman spectroscopic measurements described in this work were

performed as described previously,6 with the following exceptions. The power of
the 514.5 nm Ar-ion laser was �50 mW and the integration time for each spectrum
was 5 min. Two replicate spectra were collected from each sample and both were
used in the MCR analysis of similar pairs of spectra obtained from solutions in
which the concentration of one of the components is varied. The measurements
were carried out using 1200 gr/mm grating, which produces a dispersion of approx-
imately 1 cm�1 per pixel in the OH Raman band spectral region. Raman peak posi-
tions were obtained with an accuracy of better than �0.5 cm�1 by fitting the region
near the top of the peak of interest to a Gaussian function.
Fig. 1 contains results which illustrate how Raman-MCR works when applied to

salt-free mixtures containing only TBA and water, with either unpolarized (V+H) or
depolarized (H) input Raman spectra. Fig. 1A shows the unpolarized Raman
spectra of pure water and a 0.5 M aqueous TBA solution. The most obvious
difference between these spectra is the presence of the CH stretch bands between
2850 cm�1 and 3000 cm�1. These spectra (including replicate measurements) were
analyzed using SMCR to obtain the pure water and SC components corresponding
to the solid curves in Fig. 1B. Essentially identical results are obtained using MCR-
ALS, as well as when using input solution spectra with several different TBA
concentrations between 0.1 M and 0.5 M.7 The dashed curve in Fig. 1B shows depo-
larized SC spectra (obtained from depolarized input Raman spectra of water and
0.5 M TBA). The difference between the solid and dashed SC curves in Fig. 1B
indicates that the lower frequency SC OH stretch (near 3200 cm�1) is more highly
polarized than the remaining (higher frequency) SC OH features. Previous theoret-
ical studies of the polarized Raman spectra of pure water have found that highly
tetrahedral water structures give rise to strongly polarized low frequency OH stretch
Raman scattering.25–27 Thus, the appearance of a highly polarized low frequency
band in the SC spectrum of the hydration-shell of TBA strongly suggests that there
is greater tetrahedral order in the hydration-shell of TBA than in bulk water (at
20 �C). In other words, if the hydration-shell of TBA had the same degree of tetra-
hedral order as the surrounding bulk water, then this polarized low frequency OH
band would not appear in the SC spectrum of TBA.
The only pre-processing which was done to the input spectra in order to obtain the

results shown in Fig. 1 (as well as the other Raman-MCR results described in this
work) is to introduce a slight vertical offset to the solution spectra (but not the
pure water spectra), so as to obtain properly converged minimum area SC spectra,
which do not dip below the baseline at any point, but reach the baseline at
some point within the spectral range within which the solvent spectrum has a finite
intensity (above the baseline).

View Article 
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Fig. 1 (A) The input Raman spectra of pure water and 0.5 M TBA in water are compared with
(B) the pure water and both the unpolarized and depolarized TBA solute-correlated (SC)
spectra obtained using SMCR. The intensities of the spectra in (A) represent the number of
counts obtained at each CCD pixel in 5 min of signal averaging, using a 50 mW 514.5 nm exci-
tation laser. The two SC curves in (B) are scaled to the same amplitude in the high frequency
region (and the pure water component is scaled to approximately the same height as the SC
spectra).
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B Theoretical methods and computational details

Water–TBA–ion mixtures were simulated with the general effective fragment poten-
tial (EFP) method8–11 and with the hybrid QM/EFP1 approach. EFP is a quantum
mechanics based potential that provides a computationally inexpensive way of
modeling intermolecular interactions in non-covalently bound systems. General
EFP (originally called EFP2) has four interaction terms, each of which may be
thought of as a truncated expansion: Coulomb (electrostatic), induction (polariza-
tion), exchange repulsion, and dispersion. An optional charge-transfer term has
also been developed.28 The original implementation of EFP (called EFP1) was
specifically designed for describing interactions in water.8,9,29

Previously, EFP has been successfully applied for investigation of the non-cova-
lent interactions in small molecular clusters for which EFP was shown to provide
accurate results as compared to ab initio methods.30–36 Recently, we employed
general EFP to characterize structure and hydrogen bonding in water–TBA solu-
tions.37 EFP has also been a very useful tool in hybrid quantum mechanics QM/EFP
investigations of chemical reactions and solvatochromic effects.38–46

EFP implementation has been described elsewhere;8–11 here we provide
computational details specific to the present study. Molecular dynamics (MD)
258 | Faraday Discuss., 2013, 160, 255–270 This journal is ª The Royal Society of Chemistry 2013
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simulations of water–TBA–ion mixtures were performed with general EFP
composed of Coulomb, polarization, dispersion, and exchange-repulsion terms.
To account for short-range charge-penetration effects and avoid polarization
collapse, Coulomb, polarization, and dispersion interactions were moderated by
screening terms.47–49 Overlap-based electrostatic and dispersion screenings and
Gaussian-type polarization screening functions were employed. The polarization
screening parameter for Na+ and I� ions was set to 0.1; it was kept at a default
value of 0.6 for F�, water, and TBA. Effective potentials for water, TBA, and
ions were constructed using the mixed-basis approach, as previously described.37

Water and TBA potentials were the same as those used previously;37 multipoles
for the Coulomb term were obtained in the 6-31+G* basis,50–52 while the
6-311++G(3df,2p) basis53,54 was used for the other terms in water and TBA
potentials. 6-31+G* and aug-cc-pVQZ55,56 basis sets were used for preparing ion
potentials.
MD simulations on systems containing 1 TBA molecule, 5 halide and 5 Na+ ions,

and 100 water molecules were performed in a periodic cubic box with dimensions of
14.5 �A and 15.5 �A for F� and I� containing mixtures, respectively (corresponding to
�0.55 M TBA added to �2.7 M aqueous salt solutions). After 10 ps equilibration,
five independent 60 ps production runs for NaI solutions and five 100 ps runs for
NaF solutions were performed. The results of the independent simulations were
averaged. At long range, Coulomb interactions were treated with Ewald summations
for charge–charge, charge–dipole, charge–quadrupole, and dipole–dipole terms.
Switching functions were employed for other EFP terms.57 The equations of motion
were integrated using the velocity Verlet algorithm with a time step of 0.5 fs. Simu-
lations were performed in the NVT ensemble at 300 K; the temperature was main-
tained constant using the Nos�e–Hoover chain algorithm.
Radial distribution functions (RDF) and angular distributions of ions near TBA

and statistics of the water orientations around TBA were gathered from these MD
simulations. Additionally, 100 snapshots (collected at random) were sampled for
QM/EFP frequency calculations.
The following strategy was employed for evaluating frequency shifts of the CH

stretching vibrations of TBA due to the presence of iodide. Sampled structures
from EFP/MD simulations were prepared such that TBA was placed in the middle
of the simulation box, surrounded by water and ions. Periodic boundary conditions
were switched off. The TBA frequencies were calculated using QM/EFP1 and the
partial Hessian approach. That is, TBA and ions were comprised in the quantum
part and described with the second-order Møller–Plesset perturbation theory using
the 6-311++G**53,54 basis set for TBA and the Hay–Wadt effective core potential
for ions.58 Waters were described by EFP1 water potential. Since only the first
derivatives (gradients) are available analytically for QM/EFP1, the second deriva-
tives were calculated numerically. Namely, the Hessian matrix for TBA normal
modes was constructed through a set of independent QM/EFP1 gradient calcula-
tions with TBA coordinates shifted in both positive and negative directions by
0.005 �A along each x, y, z direction. Positions of ions and waters were kept fixed
in these calculations. Vibrational frequencies of TBA were obtained though diago-
nalization of this partial Hessian matrix. The accuracy of this procedure was tested
on small water–TBA clusters by comparing full quantum and partial Hessian QM/
EFP1 approaches. Discrepancies in TBA frequencies did not exceed 1 cm�1. To
estimate TBA frequency shifts due to a presence of iodide, the averaged TBA
frequencies in a pure (salt-free) TBA–water solution were compared to averaged
TBA frequencies with iodide ions present. Calculations on 10 structures were per-
formed for averaging the pure-water TBA frequencies and 100 snapshots were used
for averaging the frequencies in salt solutions. For salt solutions, separate statistics
were gathered for randomly selected snapshots (evenly distributed along MD
trajectories) and for the snapshots that contained I� in the first hydration shell
of TBA.

View Article 
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Additionally to liquid calculations, full quantum computations on TBA–water
and TBA–I� dimers were performed. Optimized structures and vibrational frequen-
cies of these clusters were obtained at the MP2/6-311++G** level of theory.
All calculations were performed in the GAMESS electronic structure package.59,60

View Article 
3 Results and discussion

A Aqueous TBA in NaF control experiments

We have performed measurements of TBA in NaF solutions as control experiments,
to see if our results confirm that these ions do not significantly interact with TBA.
Note that NaF has a maximum aqueous solubility near 1 M, and so that is the high-
est salt concentration which could be used in these experiments.
Fig. 2 shows the Raman spectra collected from three aqueous solutions, each of

which contain 0.5 M TBA but different concentrations of NaF (ranging from 0 M
to 1 M). A separate set of spectra was collected from the same solution with no
TBA. The latter spectra look very similar to those in Fig. 2, except that they do
not contain the CH stretch features between 2850 cm�1 and 3000 cm�1. In order
to see whether either Na+ or F� have any significant interaction with TBA we
have performed an SMCR analysis of the spectra obtained at each salt concentration
(with and without TBA), just as was done to obtain the salt-free results in Fig. 1.
The resulting SC spectra of TBA, which are shown in Fig. 3, clearly indicate that

there is little interaction between NaF and TBA. More specifically, SC spectra in
Fig. 3A show no evidence of any significant change in the H-bonded OH hydra-
tion-shell features, except for a small (but reproducible) change in the water
dangling OH band area (as further discussed in section 3C, below). Similarly, the
CH stretch shift results in Fig. 3B show that NaF has no measurable effect on
the CH stretch frequency of TBA up to �1 M NaF. Thus, these results are consis-
tent with the expectation that neither Na+ nor F� have any significant affinity for
TBA. However, the small change in the dangling OH intensity in the hydration-
shell of TBA suggests that the ions in the second or third hydration shell of
TBA may slightly influence the structure of TBA’s first hydration-shell (as further
discussed in Section 3C).
Fig. 2 Raman spectra of water containing 0.5 M TBA and NaF concentrations of either 0 M,
0.5 M or 1 M. The spectra are obtained as described in Fig. 1.

260 | Faraday Discuss., 2013, 160, 255–270 This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 TBA solute-correlated (SC) spectra obtained from the input spectra shown in Fig. 2 (as
well as replicate measurements) in solutions with three different NaF concentrations (0 M,
0.5 M, and 1 M). These SC spectra were each obtained using an independent two-component
SMCR analysis of the spectra measured at each salt concentration (with and without TBA).

D
ow

nl
oa

de
d 

by
 P

ur
du

e 
U

ni
ve

rs
ity

 o
n 

27
 F

eb
ru

ar
y 

20
13

Pu
bl

is
he

d 
on

 1
1 

Ju
ne

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
D

20
08

2A

View Article Online
B Influence of ions on the TBA hydration-shell tetrahedral order

Fig. 4 shows Raman spectra collected from five aqueous solutions, each with�0.5M
TBA but different concentrations of NaI (ranging from 0 M to 3 M). A separate set
of five spectra was collected from the same salt solutions with no TBA. The latter
spectra again look quite similar to those in Fig. 4, except that they do not contain
the CH stretch features between 2850 cm�1 and 3000 cm�1. The change in shape
(and increase in intensity) of the OH stretch band with increasing salt concentration
is due primarily to H-bonding between water and I� (and the associated increase in
the water OH Raman cross-section) as previously discussed.4,61 Our present interest
Fig. 4 Raman spectra of aqueous solutions containing 0.5 M TBA and various concentrations
of NaI (as indicated in the legend) at 20 �C. The spectra are obtained as described in Fig. 1.

This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 160, 255–270 | 261
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is in elucidating how I� influences the hydration-shell of TBA, using SC obtained in
the same way as was done to get the results in Fig. 1 and 3, by independently
analyzing the Raman spectra obtained at each salt concentration (with and
without TBA).
The resulting SC spectra of TBA in NaI solutions of various concentrations are

shown in Fig. 5A. Note that all of the features in these spectra are correlated with
the concentration of TBA and thus include the TBA CH stretch band as well as
OH features arising from water molecules in the hydration-shell of TBA. The latter
OH features would only appear in the SC spectrum if they differed from the spectra
of water molecules in the corresponding salt solution (or pure water). Note that the
NaF results shown in Fig. 3 imply that Na+ cannot be the source of the perturbations
that are evidenced in Fig. 5. Thus, any salt concentration dependent changes in
the SC spectra shown in Fig. 5 reveal the influence of I� ions on TBA or its
hydration-shell.
Our previous studies have confirmed that alcohol OH head groups contribute very

little to hydration-shell OH spectra as, for example, benzene and phenol have virtu-
ally identical SC spectra.6 Thus, the H-bonded OH features in the SC spectra in
Fig. 5A (as well as Fig. 1 and 3) arise primarily from water molecules in the hydro-
phobic hydration shell of TBA.
The most evident effect of NaI on the SC spectrum of TBA is the change in the

H-bonded OH stretch features shown in Fig. 5A. Increasing the concentration of
NaI clearly leads to a decrease in the intensity of the lower frequency H-bonded
OH band, near 3200 cm�1. Since the latter highly polarized Raman band is assigned
to water molecules with a high degree of tetrahedral order (as discussed in Section 2),
the observed decrease in the area of that low frequency band implies the I� disrupts
the tetrahedral order of the TBA hydration shell (relative to TBA in pure water).

View Article 
Fig. 5 Solute-correlated (SC) spectra of TBA obtained in solvents with different NaI concen-
trations. The SC spectra have all been normalized to the same TBA CH band area, so as to
compare properly the relative intensities of the corresponding hydration-shell features. Panel
(A) shows the full TBA SC spectrum in the CH/OH stretch region, which reveals salt concen-
tration dependent changes in the H-bonded OH region, as well as small salt concentration
dependent changes in the intensity of the water dangling OH in the TBA hydration-shell. Panel
(B) shows an expanded view of the TBA CH stretch peaks, to reveal that NaI produces a small
red-shift in the TBA CH stretch, with a nearly linear NaI concentration dependence (and a
slope of �1 cm�1 M�1).

262 | Faraday Discuss., 2013, 160, 255–270 This journal is ª The Royal Society of Chemistry 2013
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C Influence of ions on the TBA hydration-shell dangling OH bonds

The inserted panel in Fig. 5A shows an expanded view of the small high frequency
dangling OH peak that appears in TBA’s hydration-shell. Such water dangling OH
features have previously been observed both at macroscopic air–water and oil–water
interfaces,62,63 as well as in the hydration shells of hydrocarbon groups dissolved in
water.5,64 In this work, we are interested in using the water dangling OH band to
probe interactions between ions and molecular hydrophobic interfaces. If there
were a high probability of finding an I� ion in contact with the CH3 groups of
TBA, then one might expect that increasing the concentration of I� would decrease
the dangling OH population in TBA’s hydration-shell. However, our results show
no such decrease but rather a small, but reproducible, salt-induced increase in the
dangling OH intensity.
The magnitude of the dangling OH increase produced by 1 M NaI is in fact very

similar to that which was found in 1 M NaF (as shown in Fig. 3A), suggesting that
both I� and F� produce a slight increase in the number of dangling bonds in the
hydration shell of TBA. However, an intensity increase can in general either arise
from an increase in population or from an increase in Raman scattering cross-
section. Thus, an alternative explanation for the observed dangling OH increase
might be that both F� and I� increase the Raman cross section of the dangling
OH. However, the following argument suggest that the observed dangling bond
intensity increase is not due to ion-induced changes in the dangling OHRaman cross
section.
Raman spectral results such as those shown in Fig. 4 indicate I� produces an

increase in the Raman cross section of the OH groups to which it is H-bonded,4,61

and so the other OH group on such water molecules might perhaps also have an
enhanced Raman cross section. If that second OH also happened to form one of
the dangling OH groups in TBA’s hydration shell, then it could contribute the
observed intensity increase. However, since F� decreases rather than increases the
Raman cross-section of water molecules to which it is H-bonded,4,61 the above argu-
ment would imply that the dangling OH intensity should decrease in NaF solutions.
Thus, the fact that a similar dangling OH increase is found in both NaF and NaI,
suggests that the observed intensity increase does not result from anion-induced
OH Raman cross section changes, but rather arises from a dangling OH population
change.

View Article 
D Influence of ions on hydrophobic CH vibrational frequencies

The vibrational frequencies of solute CH groups provide another potentially valu-
able probe of the affinity of ions for molecular hydrophobic hydration-shells.
When TBA is dissolved in NaF solutions the resulting SC spectra show essentially
no change in the CH stretch frequency of TBA (see Fig. 3B). However, when
TBA is dissolved in NaI solutions a small but readily measureable CH red-shift is
observed, as shown in Fig. 5B. The approximately linear concentration dependent
slope of the latter red-shift has a magnitude of only �1 cm�1 M�1, corresponding
to a total shift of �3 cm�1 in a 3 M NaI solution (and all the CH sub-peaks shown
in Fig. 5B have comparable shifts). The small magnitude of this red-shift is remark-
able given that in a 3 M NaI solution there are fewer than 10 water molecules per
ion, and so even random mixing would assure that there would be approximately
one I� in the first hydration shell of every TBA molecule (since there are about
�22 water molecules in the first hydration-shell of TBA).
In order to gauge whether the observed CH frequency shift is consistent with the

presence of I� ions in the first hydration-shell of TBA, we have performed calcula-
tions on TBA–water and TBA-I� dimers as well as TBA dissolved in both liquid
water and aqueous NaI. Our dimer MP2/6-311++G** calculations were performed
on TBA–water and TBA-I� dimers in which either water or I� are situated on the
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 160, 255–270 | 263
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hydrophobic side of TBA, approximately equally distant from its three CH3 groups,
as shown in Fig. 6. Interestingly, I� in this hydrophobic hydration-shell location
produces a red-shift in the CH frequency of about 20 cm�1, relative to the CH
frequency obtained when I� is replaced by a water molecule. (More specifically,
placing a water molecule on the hydrophobic side of TBA produces a blue-shift of
about 5 cm�1 relative to an isolated TBA, while replacing the water by I� produces
a CH red-shift of �15 cm�1 relative to an isolated TBA.) The fact that the latter shift
is significantly larger that the experimentally observed CH shift (see Fig. 5) might
suggest that I� ions do not significantly occupy the first hydration-shell of TBA.
However, the above cluster result may not accurately reflect the predicted shift
induced by I� in hydration-shell of TBA dissolved in aqueous NaI, both because
I� may not be located in the same place as in the above dimers and because the nega-
tive charge of I� may be screened and/or redistributed among surrounding water
molecules. Thus, the following liquid simulations were performed in order to
more accurately predict the CH frequency shift induced by I� ions in the first hydra-
tion shell of TBA.
Hybrid QM/EFP1 simulations of TBA in pure water and aqueous NaI were per-

formed as described in Section 2B. The resulting TBA CH frequency shifts are
shown in Table 1. These TBA frequency shift predictions were obtained using the
same level of theory (MP2/6-311++G**) which was used to obtain the above dimer
results, while representing water molecules by semi-classical EFP1 potentials. The
frequency shifts listed in the fourth column of Table 1 correspond to those obtained
for TBA molecules whose first hydration-shell contains an I� ion. The average value
of the red-shift of all the strongly Raman active CH stretch modes is �4 � 1 cm�1,
which is significantly smaller than the �20 cm�1 red-shift predicted for the gas phase
dimers (containing TBA and either water or I�). Thus, our liquid QM/EFP1 calcu-
lations imply that the relatively small magnitude of experimentally observed
frequency shift (as shown in Fig. 5) is consistent with the presence of I� ions in
the first hydration shell of TBA (as further discussed below).
The experimental results in Fig. 5 pertain to the CH frequency shift of the total

population of TBA molecules in a given salt solution (compared to TBA in pure
water). Our simulation results for the total TBA population in aqueous NaI are
not sufficiently accurate to determine reliably the corresponding average CH
frequency shift, relative to TBA in pure water. More specifically, the average CH
frequency of TBA in �2.7 M NaI was found to be within less than 1 cm�1 from
that of TBA in pure water.
In order to more directly compare the predictions in Table 1 with experimental

measurements, as well as to experimentally estimate the concentration of I� in the
first hydration-shell of TBA, we have used the following alternative two-component
SMCR analysis strategy. This was done by collecting Raman spectra of 0.5 M TBA
solutions to which various amounts of NaI were added. The resulting I� SC spectra,

View Article 
Fig. 6 Local minimum energy structures of TBA–water and TBA-I� clusters.
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Table 1 Predicted TBA CH stretch frequencies (cm�1) and shifts in a �2.7 M aqueous NaI

solution (with respect to the TBA frequencies in pure water, so negative values correspond

to red shifts)

TBA in pure water I� in the first hydration shell

CH Frequency sa Strongly Raman activeb Shiftc sa

3110.4 �1.9 no �5.71 �1.06

3114.9 �2.2 yes �5.01 �0.96

3124.1 �2.4 yes �4.00 �1.40

3199.4 �2.3 no �7.88 �1.46

3205.6 �2.8 yes �6.11 �1.12

3216.6 �1.6 yes �2.20 �1.23

3221.3 �1.8 no �2.50 �1.01

3224.9 �2.1 yes �2.18 �0.96

3230.9 �4.8 yes �2.14 �2.77

Mean frequency shiftc �4 �1

a Standard deviation of the average frequency of a mode in pure water. b Raman activity based

on gas phase and TBA–water dimer calculations. c CH frequency shift, relative to TBA in pure

water. The mean frequency shift (on the bottom row) is obtained from the average of the

strongly Raman active CH stretch frequency shifts.
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obtained using SMCR, necessarily contain features arising from the hydration-shell
of the I� ions. Previous Raman-MCR studies of aqueous solutions of various alkali-
halides have shown that the OH stretch spectra of water are primarily influenced by
the anion to which water is directly H-bonded. In the present three component
systems, we expect the I� SC spectrum to contain both features arising from water
molecules that are H-bonded to I�, as well as features arising from the sub-popula-
tion of TBA molecules that are strongly perturbed by I�.
Fig. 7 shows Raman-MCR results obtained by adding various concentrations of

NaI to a ‘‘solvent’’ composed of 0.5 M aqueous TBA. The spectra shown in Fig. 7
pertain to a mixture containing 3 M NaI (and 0.5 M TBA); the blue curve is the
aqueous TBA ‘‘solvent’’ component, while the red curve is the I� SC spectrum.
The higher frequency H-bonded OH stretch band in the red SC spectrum is virtually
identical to that previously obtained from solutions of NaI in water (with no TBA),
and thus pertains to water OH groups that are H-bonded to I�. The more interesting
feature in the spectra shown in Fig. 7 is the CH band which appears in both the
aqueous TBA solvent and I� SC spectra. The fact that this band appears in the I�

SC spectrum implies that it arises from TBA molecules which are strongly perturbed
by I�. The frequency of the SC CH stretch is red-shifted by �5 � 0.5 cm�1 relative to
the CH stretch of TBA in pure water. The latter frequency shift is very close to the
�4 � 1 cm�1 red-shift shown in Table 1, which was obtained from the liquid QM/
EFP1 simulations for TBA molecules whose first hydration-shells contain an I� ion.
The relative areas of the CH bands in Fig. 7 may further be used to estimate the

number of TBA molecules which are strongly perturbed by I�. More specifically, the
relative area of the CH band in the SC (solid) and total (dashed) curves implies that
about 64% of the TBAmolecules in a 3 MNaI solution are strongly perturbed by I�.
However, a fundamental ‘‘rotational ambiguity’’ associated with MCR7 implies that
minimum area SC spectra (such as those obtained in this work) have areas which
represent a lower bound to the true SC spectrum. Thus, although it is possible that
only 64% of the TBA molecules are perturbed by I� it is also possible that some
larger fraction of TBA molecules are (less strongly) perturbed by I�. If we assume
that 64% is the actual number of TBA molecules whose first hydration shells contain
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 160, 255–270 | 265
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Fig. 7 Raman-MCR isused todecompose themeasured spectrumof a solution containing 0.5M
TBA and 3 M NaI (dotted curve) into aqueous TBA (dashed curve) and I� SC (solid curve)
components. The frequency andareadifferences between theCHbands in the redandblue spectra
may be used to quantify the average I� induced CH frequency shift of the TBAmolecules that are
strongly perturbed by I� as well as the number of such strongly perturbed TBA molecules.
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one iodide, that would imply that the local concentration I� is less than 2 M (and
thus is below the 3 M concentration of the surrounding NaI solution). This conclu-
sion is consistent with our EFP/MD liquid simulations which suggest that about
89% of the TBA molecules in a �2.7 M NaI solution have one I� ion in their first
hydration shell. The latter number includes I� ions that are in the proximity of
the hydroxyl group of TBA (as further explained below).
The radial distribution functions shown in Fig. 8 provide additional information

that supports and extends the conclusions reached based on our experimental
Raman-MCR measurements. For example, our liquid simulations of TBA in
�2.7 M NaF confirm that F� is essentially never found in the first hydration shell
of TBA, which is consistent with the results shown in Fig. 3, which indicate that
NaF has virtually no influence on the hydration shell of TBA or its CH frequency.
More importantly, our simulation results are consistent with the experimental
finding that there is a significant probability of finding an I� ion in the first hydration
shell of TBA, although the local concentration of I� is lower than it is in the
surrounding bulk, and so I� is not attracted to the hydration shell of TBA, although
it is apparently not repelled from the hydration-shell as much as Na+ and F�

Our EFP/MD simulations also provide information pertaining to the angular
distribution of I� ions within TBA’s first hydration-shell, as shown in Fig. 9. This
angular distribution is normalized such that an isotropic (perfectly spherical) distri-
bution would have a value of 1 at all angles. The distribution shown in the lower
curve of Fig. 9, which corresponds to ions found within 6.5 �A from the central
carbon atom of TBA (near the minimum in TBA–water RDF, see Fig. 8), implies
that the I� ions are most likely to be located in the regions of �0�–20�, �30�–70�,
�80�–140�, or near 180�. Angles greater that �80� correspond to I� ions located
around the periphery of TBA’s CH3 groups, while smaller angles correspond to
ions interacting with the OH head group of TBA. The peak at�30�–70� is consistent
with I� ions H-bonded to the OH head group of TBA. The peak at �0�–20�

completely disappears in the angular distribution pertaining to the shorter (5.3 �A)
CTBA-I

� cut-off distance (see Fig. 9, upper curve). This means that I� ions in this
angular range are located between 5.3 �A and 6.5 �A from central TBA carbon; a
266 | Faraday Discuss., 2013, 160, 255–270 This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Radial distribution functions between the central carbon in TBA and F� (dotted curve),
I� (solid curve), and water oxygen (dashed curve). The first maximum in the TBA-I� RDF at
�5.1 �A corresponds to ions directly in contact with TBA; the second broader peak extending
out to �6.5 �A includes ions that are interacting with a water molecule that is H-bonded to the
TBA OH head group.

Fig. 9 The angular distribution of I� ions within TBA’s first hydration shell is normalized such
that a perfectly isotropic distribution would have a value of 1 at all angles. At angles greater
than 80� the ion is on the hydrophobic side of TBA. The upper (dashed) curve corresponds
to ions that are within 5.3 �A of the central carbon atom of TBA. The lower (solid) curve
corresponds to ions that are within 6.5 �A of the central carbon atom of TBA.
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detailed investigation of the corresponding snapshots shows that these ions are
bridged by a water molecule H-bonded to the OH head group of TBA.

View Article 
4 Conclusions

We have combined experimental (Raman-MCR) measurements with theoretical
cluster and liquid (EFP/MD) calculations to probe quantitatively and compare
the affinities of F� and I� for the first hydration-shell of t-butyl alcohol (TBA).
Our results indicate that while F� (as well as Na+) is strongly excluded from the first
hydration shell of TBA, the local concentration of I� around TBA is nearly as large
as the surrounding bulk NaI concentration. The latter conclusion is supported by
our experimental findings that in �3 M NaI approximately two thirds of the TBA
molecules are strongly perturbed by I�, and those strongly perturbed TBAmolecules
have a CH stretch Raman frequency which is red-shifted by�5 cm�1 relative to TBA
in pure water. Both of the latter experimental observations are in good agreement
with our theoretical EFP/MD and QM/EFP1 predictions. Our liquid simulation
results further indicate that I� ions are most likely to be located either near TBA’s
head group or around the periphery of its CH3 groups, rather than up against the
hydrophobic end of TBA. We have further found experimental evidence that I�

disrupts the tetrahedral order in the hydration shell of TBA and that both F� and
I� slightly increase the intensity of the narrow high-frequency dangling OH peak
in the hydration-shell spectrum of TBA. The latter dangling OH intensity increase
is not likely to be due to an anion-induced Raman cross section change (as F�

and I� have opposite effects on the OH cross section of water), but may indicate
that the probability that water will form a dangling OH bond around TBA is
increased by ions in the second (or higher) hydration shell(s) of TBA.
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