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ABSTRACT: Raman multivariate curve resolution vibrational spectroscopy and X-
ray crystallography are used to quantify changes in the gauche−trans conformational
equilibrium of 1-bromopropane (1-BP) upon binding to α-cyclodextrin (α-CD).
Both conformers of 1-BP are found to bind to α-CD, although binding favors the
unfolded trans conformation. Temperature-dependent measurements of the binding-
induced change in the 1-BP conformation equilibrium constant indicate that the
trans conformer is both enthalpically and entropically stabilized in the host cavity.

■ INTRODUCTION
Binding-induced conformational changes play an important
role in a wide range of biochemical and pharmaceutical
processes,1−7 although the conventional lock-and-key picture
of host−guest binding implicitly neglects the influence of
conformational flexibility on binding affinity. Some previous
experimental and theoretical studies have reported evidence of
guest conformational changes upon binding to a host
cavity6−10 but have not quantified the associated binding-
induced conformational equilibrium constant and thermody-
namic changes or compared the corresponding complex
structures in the solid and aqueous solution states. Here, we
do so by performing Raman multivariate curve resolution
(Raman-MCR) and X-ray crystallographic measurements of
the binding of 1-bromopropane (1-BP) to α-cyclodextrin (α-
CD). Our results reveal that the guest gauche−trans conforma-
tional equilibrium shifts toward the trans conformer upon
binding (although both conformers are present in the bound
complex) and is essentially the same in the solid and aqueous
systems. Moreover, temperature-dependent Raman measure-
ments of the solid complex reveal that the binding-induced
unfolding of 1-BP is both enthalpically and entropically
favored. Thus, the present results provide a quantitative
illustration of the importance of relaxing the simple lock-and-
key picture of host−guest binding to include conformational
flexibility and the associated entropic contributions to binding
affinities.
Several previous studies of guest conformation changes have

involved synthetic nanocapsule hosts. These include NOESY
and COSY nuclear magnetic resonance (NMR) experimental
and molecular dynamics simulation studies of the folding and
helix formation of long alkanes trapped in cavitand nano-

capsule complexes and nanotubes.9−13 Cyclodextrins, which
are biologically produced hosts widely used in drug delivery
and other supramolecular assembly applications,14−16 have also
been found to induce guest conformational changes,17 probed
using various NMR methods18,19 and vibrational spectrosco-
py.20,21

Raman-MCR provides a means of decomposing the Raman
spectrum of a solution into solvent and solute-correlated (SC)
spectral components. The latter SC component contains
intramolecular solute vibrational bands, as well as more subtle
information arising from solute−solvent interactions and
conformational flexibility, including changes in gauche−trans
equilibrium constants.22 The present Raman-MCR measure-
ments are facilitated by the fact that the gauche and trans
conformers have well-resolved C−Br stretch peaks near 560
and 640 cm−1, respectively.23 Unlike prior studies that have
used Raman-MCR to measure solute hydration-shell O−H
band spectra,24 here we use binding-induced changes in the
guest C−Br and C−H stretch band intensities to both confirm
host−guest binding and quantify binding-induced changes in
the 1-BP gauche−trans equilibrium. More specifically, SC
spectra of the free and bound aqueous host and guest
molecules have been obtained using self-modeling curve
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resolution (SMCR)22,24−27 (see the Methods section for
further details).

■ METHODS
Preparation of Aqueous Solutions. Saturated aqueous

solutions of 1-BP (99.5+%, Sigma-Aldrich) were prepared by
gently adding 2 mL of water (18.2 ΜΩ cm resistivity, Milli-Q
UF Plus) or a 20 mM aqueous solution of α-CD (99.5+%,
TCI) into a glass cuvette that already contained 50 μL of 1-BP.
Thus, all saturated 1-BP solutions contained two liquid phases
consisting of a 1-BP-rich droplet (at the bottom of the cell)
surrounded by the aqueous phase and stored for at least 48 h
in order to allow 1-BP to saturate the aqueous phase to its
solubility limit of approximately 20 mM free 1-BP.28 When the
aqueous solution contained α-CD, after sitting for 3 days or
more, crystals of different sizes were observed to grow at the
meniscus between the aqueous and 1-BP phases. It is such
crystals that were analyzed using X-ray diffraction and found to
contain a solid one-to-one complex of 1-BP in α-CD.
Raman Spectroscopy. Unless stated otherwise, two

replicate 5 min spectra were obtained using a 514.5 nm Ar-
ion excitation laser with ∼20 mW at the sample, as previously
described.26 Liquid and gas samples (in a 12 mm round glass
vial) and pure α-CD powder (in a melting-point capillary)
were tightly fit within a 1 cm copper block held at 20 °C, and
crystals of the α-CD-1-BP complex were mounted on the
copper block. Pure liquid and solid spectra were obtained using
two 1 min replicates.
Raman-MCR. SMCR25 was used to decompose solution

and solvent spectra into solvent and SC components.22,24,26,27

The SC spectra of saturated 1-BP in an aqueous 20 mM α-CD
were obtained using an aqueous 20 mM α-CD solution as the
solvent reference spectrum.
Single-Crystal X-ray Diffraction. A suitable single crystal

(∼0.4 mm cubed) of the α-CD-1-BP complex was taken
directly from the biphasic crystallization setup, quickly coated
with a trace of Fomblin oil, and transferred directly into the
cold stream of a goniometer head of a Bruker QUEST
diffractometer with a fixed chi angle, a Mo Kα wavelength (λ =
0.71073 Å) sealed fine focus X-ray tube, a single-crystal curved
graphite incident beam monochromator, and a PHOTON 100
CMOS area detector equipped with an Oxford Cryosystems
low-temperature device. Examination and data collection were
performed at 150 K (see the Supporting Information for
further details).
Density Functional Theory Calculations. Density func-

tional theory (DFT) calculations of different 1-BP systems
were performed using the Gaussian 16 suite of programs.29

Geometry optimizations along with Raman spectra were
calculated. For the bound 1-BP species, geometries of 1:1
complexes were taken from the most probable configurations,
as obtained from the X-ray diffraction measurements for each
conformer. Two levels of theory were used, B3LYP/6-31g(d,p)
and WB97/LANL2DZ. The systems studied and the
corresponding results are shown in Tables S1 and S2 in the
Supporting Information.
Isomerization Equilibrium. The analysis of the isomer-

ization equilibrium was performed in the C−Br stretch-band
region. The areas of the bands were determined after
background subtraction either by integrating the bands to
the left and right side of the minimum between the two bands
or from the ratio of the areas of Gaussian or Voigt functions
independently fit the two bands, avoiding the region in which

they overlap. For both free and mixed (bound + free) 1-BP,
seven spectra from independent experiments were obtained
and the bands were analyzed using the above area estimation
methods. The reported area ratios for free and bound 1-BP
correspond to the average and standard deviation of a set of 21
area ratios that were obtained for each system at 20 °C. For
pure liquid 1-BP, four independent spectra were collected and
analyzed in the same way. The spectrum of the bound 1-BP
species in the solid crystal was obtained from the difference
between the spectra of α-CD-1-BP crystal and α-CD powder
(see the Supporting Information and Figure S1 for more
information). Unpolarized Raman spectra were collected from
four different orientations/regions of the solid samples, with
no attempt to orient the crystals, and the corresponding bound
1-BP spectra were used to obtain the corresponding gauche−
trans area ratios of 1-BP bound in α-CD.

■ RESULTS AND DISCUSSION
Figure 1a shows the measured Raman spectra of water, a 20
mM solution of α-CD, and saturated solutions of 1-BP in water

and in 20 mM aqueous α-CD at 20 °C. Note that 1-BP was
maintained at its saturation concentration by immersing a
droplet of liquid 1-BP in the corresponding aqueous solutions.
All Raman spectra shown in Figure 1a look very similar to
those of pure water except for a small shoulder on the left side
of the O−H stretching band due primarily to the C−H stretch
of α-CD. The resulting Raman-MCR SC spectra shown in
Figure 1b are more revealing, as they uncover multiple
intramolecular vibrational bands of both α-CD and 1-BP.
Specifically, the red curve represents the SC spectrum of
unbound 1-BP, the purple curve corresponds to the SC
spectrum of a mixture of bound and unbound 1-BP, and the
green curve is the SC spectrum of α-CD in water. The latter α-
CD spectral features are not present in the bound 1-BP
spectrum, as they were effectively subtracted away by the
SMCR spectral decomposition process in which the solution
contains both 1-BP and α-CD and the solvent contains only α-
CD, both with the same α-CD concentration of ∼20 mM. The
increase, by nearly a factor of 2, of the 1-BP band intensities in

Figure 1. Raman spectra in (a), all normalized to the same area, are
used to obtain the Raman-MCR SC spectra in (b) for unbound
aqueous α-CD (green) and 1-BP (red), as well as an equilibrium
mixture (purple) of free and bound 1-BP in a 20 mM α-CD solution
saturated with 1-BP.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c08630
J. Phys. Chem. B 2020, 124, 11015−11021

11016

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08630/suppl_file/jp0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08630/suppl_file/jp0c08630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08630/suppl_file/jp0c08630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08630?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08630?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08630?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08630?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08630?ref=pdf


the presence of α-CD (compare the purple and red spectra)
clearly reveals that the α-CD binding induced an increase in
the solubility of 1-BP. Note that this factor of 2 is a lower
bound to the actual binding-induced solubilization of 1-BP, as
both our experimental and theoretical results indicated that the
Raman cross section of bound 1-BP is smaller than that of 1-
BP dissolved in water (see the Supporting Information for
further details).
Figure 2 shows an expanded view of the C−Br stretch bands

for the two conformers of 1-BP in a saturated aqueous solution

(red) and in a solution containing 20 mM α-CD (purple),
along with the associated fits to a superposition of two
Gaussians. The assignment of these peaks to the gauche (at
∼560 cm−1) and trans (at ∼650 cm−1) isomers are confirmed
both by the disappearance of the gauche peak upon freezing
pure 1-BP,30 as well as our own (and prior)31 quantum
calculations (see the Methods section and Supporting
Information). The associated gauche and trans band areas,
AG and AT, may be obtained either by directly integrating the
experimental spectra to the left and right of the minimum
between the two bands or from the areas of the corresponding
Gaussian (or Voigt) fits to the experimental bands, and the
resulting band area ratios agree to within ∼5%. All of the
reported equilibrium constant (Keq) values are average values
obtained using three different area measurement methods (see
the Methods section for further details). The band area of each
conformer may be expressed as Ai = ciσi, where ci and σi are the
concentration and Raman scattering cross section of the ith
conformer, respectively. Therefore, the equilibrium constant is
Keq = cG/cT = (AG/σG)/(AT/σT). Importantly, quantum
calculations indicate that the two conformers have approx-
imately the same C−Br Raman cross section ratio, σG/σT ∼ 1,
both in the gas phase and in a dielectric implicit aqueous
solvent, and thus the ratio of the band areas provides a
spectroscopic measure of Keq (see the Methods section and
Supporting Information for additional details). However, our
quantum calculations also indicate that the C−Br Raman cross
sections decrease upon binding and have a significantly
different ratio of σG/σT ∼ 3, thus also influencing the
measured isomerization free energy and entropy, as further
discussed below. It is also noteworthy that the influence of
host−guest binding on molecular polarizabilities and optical
spectra have previously been described32 but not, to our
knowledge, with regard to Raman cross sections or the
associated changes in polarizability with respect to the

corresponding vibrational and conformational degrees of
freedom.
If we assume that binding does not change the Raman

scattering cross section ratio, σG/σT ∼ 1, then the isomer-
ization equilibrium constant for the 1-BP bound to α-CD,
obtained from the difference between the purple and red band
areas in Figure 2, implies that Keq ∼ 1.4 ± 0.3, which is nearly a
factor of 2 smaller than that of 1-BP dissolved in water, Keq ∼
2.3 ± 0.2. However, our DFT calculations of the 1-BP isomers
bound in α-CD indicate that the Raman scattering cross
section of the bound gauche conformer is three times larger
than the bound trans conformer and thus σG/σT ∼ 3 (see the
Methods section and Supporting Information for additional
details). If we use this predicted cross section ratio, then the
inferred conformational equilibrium constant further decreases
to Keq ∼ 0.5 ± 0.2 in the bound host−guest complex. In either
case, the decrease in Keq upon transfer from the aqueous
solution to the α-CD cavity implies that the 1-BP
conformation equilibrium shifts toward the trans conformer
upon binding to α-CD. Moreover, our additional Raman
measurements of the solid complex imply that the con-
formation equilibrium constant is approximately the same in
the solid state as it is for the complex dissolved in liquid water
(as further described below).
Figure 3 compares C−Br stretch bands of 1-BP in the pure

liquid (a), aqueous solution (b), and bound in α-CD in the

aqueous (c) and solid (d) complexes, along with the
corresponding partial molar Gibbs free-energy change ΔG =
−RT ln Keq for the trans to gauche isomerization process. The
ΔG values shown in panels (a,b) are within ±0.2 kJ/mol of
previously reported Raman-based experimental results in pure
liquid33,34 and aqueous35 1-BP. The bound 1-BP spectra in
panels (c,d) were obtained from the difference between the
bound and unbound spectra assuming σG/σT ∼ 3 (as explained
above, with further details provided in the Methods section
and Supporting Information). Note that the negative-going
feature in panel (c) is a subtraction artifact resulting from the
large α-CD peak near 480 cm−1 (see Figure 1). Fine-tuning the
subtraction to minimize this artifact does not significantly alter
the resulting Keq (and ΔG).

Figure 2. Raman-MCR SC spectra in the C−Br stretch region. The
points are the experimental intensities and the dashed curves are the
sum of Gaussian fits to the two sub-bands.

Figure 3. Raman spectra (and Gaussian fits) of the 1-BP C−Br
stretch bands obtained for different systems and the corresponding
free energy ΔG = −RT ln Keq at 293.15 K. (a) Pure liquid 1-BP (Keq
∼ 2.4 ± 0.1), (b) aqueous 1-BP (Keq ∼ 2.3 ± 0.2), (c) 1-BP bound to
α-CD in the aqueous solution (Keq ∼ 0.5 ± 0.2) and (d) in the solid
crystal (Keq ∼ 0.5 ± 0.1). Note that the above ΔG values in (c,d) were
obtained assuming σG/σT ∼ 3 (as discussed in the text).
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To gain further insight into the distribution of gauche and
trans isomers inside the α-CD molecules, we also analyzed
crystalline samples of the host−guest complex using single-
crystal X-ray diffraction. The overall packing and arrangement
of the constituent entities in the crystal structure are
dominated by the α-CD molecules connected to each other
through a hydrogen-bonding network between the hydroxyl
moieties of neighboring molecules creating a dense packing
that leaves no open space other than the interior of the
cylindrical α-CD molecules. The observed structures differ
from that of native α-CD but are closely related to a series of
other guest hosting α-CD complexes. A search of the
Cambridge structural database36 revealed several α-CD
host−guest complexes with acetone,37 thiophene,38 diethylfu-
marate,39 hemikis(2,2′-azodipyridine),40 n-butylisothiocya-
nate,41 lithium triiodide iodine,42 and various metallocene
complexes having unit cell shapes and α-CD packing that differ
from the α-CD-1-BP complex only by the nature of the guests
in the cavity. Both α-CD-1-BP and its isomorphous counter-
parts are characterized by a stacking arrangement of α-CD
molecules with the unit cell having two α-CD molecules
forming a head to head dimer (capsule). Molecules line up in
such a way that the interior voids of the cylindrical α-CD
molecules connect to form channels extending through the
crystal along the c-axis of the unit cell (Figure 4.).
Single-crystal X-ray diffraction provides an average of the

arrangement of all constituent entities over the entire crystal
(in the form of the electron densities inside the crystallo-
graphic repeat units, the unit cell). If positions of atoms or
fragments differ between unit cells, then disorder has to be
included when building the structural model based on the
diffraction data. Two different types of disorder are observed in
the structure: (1) the two-fold disorder of a water molecule,
inducing disorder of two of twelve crystallographically
independent α-CD sugar moieties (see the Supporting
Information for details regarding this disorder) and (2) the
disorder associated with the two conformations of 1-BP
embedded in the cavities of the two α-CD molecules in each
unit cell, as described in greater detail below (and in the
Supporting Information).
Figure 4 shows representative unit cell structures obtained

from the α-CD-1-BP single-crystal X-ray diffraction analysis.
Figure 4a shows the most probable bound gauche conformers,
while Figure 4b shows the most probable bound trans
conformers. Note that although (a) has two gauche and (b)
has two trans 1-BP molecules, the X-ray results do not imply
that the structures are invariably paired in this way. In other

words, the X-ray structures are equally consistent with unit cell
structures in which neighboring α-CD hosts contain different
1-BP conformers.
More specifically, the single-crystal data indicate that in the

crystal, each α-CD molecule contains exactly one bound 1-BP
molecule disordered over several slightly shifted and rotated
positions of both the trans and gauche conformations. Major
moiety disordered molecules as well as their assignment as
gauche or trans were immediately evident from difference
electron density maps and were assigned and modeled. This
was followed by re-analysis of difference density maps and
assignment of successively less prevalent disordered moieties
until the remaining difference electron density maps were
essentially featureless. In total, six conformations were modeled
for each of the 1-BP molecule in the two-independent α-CD
molecules with refined occupancies between 0.515(4) and
0.0561(19). All 1-BP molecules are clearly associated with one
of the two α-CD molecules, with no 1-BP molecules stretching
along the channel between the two α-CD hosts. Total
occupancies for all disordered moieties refined to close to
unity for each site, indicating the absence of empty or water-
filled α-CD cavities. In the final refinement cycle, the total
occupancy was constrained to exactly one. In the crystal
structure, measured at 150 K, the trans conformation is
significantly favored (as further discussed below).
After applying structural restraints to the 1-BP molecules

embedded inside the α-CD dimer (see the Supporting
Information for details), the 1-BP molecules in the two α-
CD structures had gauche−trans ratios of 0.26/0.74 and 0.35/
0.65 at 150 K, giving an average Keq ∼ 0.3/0.7 ∼ 0.4 ± 0.1
(with error bars obtained from the ±0.05 difference between
the individual conformer probabilities in the first and second
crystallographically distinct structures). This slightly smaller
value of Keq at 150 K, relative to the Keq ∼ 0.5 for the bound
complex at 293 K, is consistent with positive ΔH for the trans
to gauche conformation change in the α-CD host. The positive
sign of ΔH is also consistent with the following temperature-
dependent Raman measurements of the conformer peak ratio
in the solid complex.
Figure 5 shows results obtained from temperature-depend-

ent measurements of the 1-BP trans to gauche (folding)
equilibrium constant to obtain the corresponding isomer-
ization ΔH and ΔS values. Specifically, the trans to gauche
enthalpy and entropy changes are obtained from the
corresponding temperature-dependent ΔG values using ΔH
= [∂(ΔG/T)/∂(1/T)]P and ΔS = (∂ΔG/∂T)P. The error
associated with such temperature-dependent measurements

Figure 4. (a) View of the α-CD-1-BP dimer showing the most probable gauche configurations [10.4(2) and 17.5(2) %]. (b) View of the α-CD-1-
BP dimer showing the most probable trans configurations [28.8(4) and 51.5(4) %]. The red, green, and blue lines point along the a, b and c axes,
respectively (see the SI for further details).
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correspond to uncertainties of ±1−2 kJ/mol in ΔH and ±2−6
J K−1 mol−1 in ΔS (with an additional uncertainty in ΔS
resulting from the Raman cross section ratio, as further
discussed below).
In spite of the significant uncertainties associated with the

isomerization enthalpy, the ΔH of ∼0.1 kJ/mol for 1-BP in the
pure liquid is within the range of the previously reported
values, varying between 0.1 kJ/mol < ΔH < 1.1 kJ/mol.43−45

More interestingly, our results indicate that the trans to gauche
ΔH changes sign upon binding to α-CD. Specifically, ΔH is
negative for 1-BP dissolved in water but becomes positive
upon binding to α-CD, while the sign ΔS changes from
positive to negative upon binding. This implies that the trans
conformer has both an enthalpically and entropically more
favorable interaction with the α-CD cavity.
The conformational ΔS change is more difficult to

accurately quantify than ΔH both because of its small
magnitude (relative to the error bars of the associated data
points) and because, unlike ΔH, the value of the
experimentally inferred ΔS is sensitive to binding-induced
changes in the relative Raman cross section of the two
conformers. Note that the unbound ΔS values in Figure 5b,d
are positive and, within experimental error, have the same
magnitude as ΔS = R ln 2 ≈ 6 J K−1 mol−1 obtained assuming
that the entropy changes are entirely due to the fact that there
are two gauche conformers and only one trans conformer.23,46

Deviations from this value may arise from various sources,
including differences between the internal partition functions
of the two isomers, as well as the surrounding host and/or
solvent molecules. However, the bound ΔS value in Figure 5f,
obtained assuming that σG/σT ∼ 3, has the opposite sign,
implying that the bound trans conformer has more thermally
accessible configurations than the gauche conformation. Thus,
the binding-induced sign change of ΔS is consistent with a
looser fit of the trans conformer to the α-CD cavity, while the
sign change of ΔH implies that the tighter fit of the gauche

conformer to α-CD cavity has a greater repulsive interaction
with the cavity walls.
It is also noteworthy that ΔG ∼ 1.1 ± 0.3 kJ mol−1 for the

folding of 1-BP in α-CD at 150 K, obtained directly from the
X-ray crystal diffraction analysis, is roughly consistent with the
value of ΔG ∼ 1.5 ± 6.0 kJ mol−1 obtained from ΔS ∼ −2.9 J
K−1 mol−1 (assuming σG/σT ∼ 3) and ΔH ∼ 1.1 kJ/mol, when
extrapolated down to 150 K. The approximate agreement
between the latter two ΔG values for bound 1-BP at 150 K
implies that ΔS and ΔH remain approximately temperature
independent between 150 and 335 K and provides additional
support for the prediction that σG/σT ∼ 3 for 1-BP bound
within the α-CD cavity.

■ CONCLUSIONS

In summary, Raman-MCR and X-ray crystallographic measure-
ments reveal that 1-BP remains flexible upon binding to α-CD,
although its conformation equilibrium is shifted toward the
unfolded trans conformation upon binding. Our experimental
temperature-dependent Raman measurements on both free
and α-CD-bound 1-BP, combined with our predicted binding-
induced Raman cross section changes, imply that both the
conformational enthalpy and entropy of 1-BP change sign
upon binding to α-CD. The latter sign changes, as well as the
corresponding conformational free energy, are all consistent
with a more favorable fit of the trans conformer to the α-CD
cavity.
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