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Linear IR spectra show “free” and intramolecular hydrogen-bonded (IHB) -OH groups in vicinal diols as
two separate O-H stretching absorption bands. Here we present a case study of four linear vicinal diols with
different alkyl groups: 1,2-ethylene glycol, 1,2-propanediol, 2,3-butanediol, and 1,2-butanediol. By carefully
removing contributions from anharmonic vibrational coupling and local structural effect, “pure” IHB-resulted
frequency separation and peak enhancement are obtained and found to exhibit a linear relationship between
them. The results suggest that the IHB formation energy in the diols is structurally dependent, and 1,2-
propanediol has the smallest vibrational contribution to the IHB energy among the four diols examined.

Introduction

By participating in inter- or intramolecular hydrogen bonds
(H-bonds), the hydroxyl group (-OH) plays an important role
in stabilizing molecular complexes ranging from acids, phenols,
alcohols, and sugars, to peptides and DNA bases.1-7However,
the characterization of the -OH-group-containing H-bond, in
particular, the weak intramolecular hydrogen bond (IHB), still
remains a challenge for experimentalists.6 A five-membered quasi-
ring structure (Scheme 1, left) containing two OH groups in vicinal
diols presents a very intriguing case of such weak IHB. In fact,
because of unfavorable HB-forming geometry associated with a
semirigid structure, the existence of IHB has been debated for quite
some time. Nuclear magnetic resonance (NMR),8 vibrational
circular dichroism,9 and infrared (IR) experiments10-14 clearly show
evidences of IHB presented in various diols,15,16 which is supported
by theoretical computations,17-19 even though recent electron
density topology computations20-22 seem to suggest the opposite.
For such IHB structure in diols, questions arise as to whether
the HB strength varies from structure to structure and whether
it is possible to quantify the subtle differences of the HB strength
experimentally.

It is well-known that for an OH group, participating in a HB
usually means a red shift in its fundamental IR stretching
frequency accompanied by an increased absorption cross section,
showing that vibrational spectroscopy such as linear IR can be
used as a sensitive tool for examining HB complexes. On the
basis of the IR absorption frequency shift (∆ν) between free
(-O-H) and H-bonded (-O-H · · ·X) groups, empirical rela-
tionships between ∆ν and the enthalpy, ∆H, of H-bond
formation were proposed a long time ago by Badger and Bauer
(B-B equation)23,24 on the basis of a number of acids and
alcohols and by Iogansen (Iogansen equations).25 These equa-
tions have been used, for example, to estimate H-bond interac-
tion energy in various cases.14,21,26,27 However, for the case of
vicinal diols, “free” OH and intramolecularly H-bonded OH
groups shown in Scheme 1 have very close stretching frequen-
cies. Therefore, it is difficult to determine the enthalpy

experimentally. No empirical relationship between enthalpy and
frequency shift has been reported for diols either.

For the vicinal diols, the observed vibrational frequency shift
between “free” and H-bonded OH stretches depends not only
on H-bonding conditions but also on anharmonic vibrational
coupling (VC) and on chemical environment (CE) effects,
meaning the following is probably true

∆ν ) ∆νHB + ∆νVC + ∆νCE (1)

However, separating these contributions, in many cases, is not
straightforward. Equation 1 suggests that ∆νHB should be the
“pure” frequency shift due to HB formation, provided that it
could be properly assessed.

Here we present a case study of a selection of four linear
vicinal alkyl diols with different alkyl groups (Figure 1 inserts):
1,2-ethylene glycol (1,2-EG), (()-1,2-propanediol (1,2-PD),
(2R,3R)-2,3-butanediol (2,3-BD), and (()-1,2-butanediol (1,2-
BD). We carried out a linear IR (FTIR) experiment in combina-
tion with quantum chemical computations and vibrational
excitonic Hamiltonian modeling. We show that some terms in
eq 1 can be determined from the linear IR experiment, and some
can be evaluated by the computations and modelings. Using
the obtained ∆νHB as a measure, we determine the vibrational
stabilization contribution to the enthalpy of the IHB formation
for the four vicinal diols. We also manage to obtain the
equilibrium constant between H-bonded and free OH species,
from which the total enthalpy is estimated. In combination with
the enthalpies evaluated from empirical equations, we show that
the strength of the weak IHB in vicinal diols is structurally
dependent and its vibrational stabilization energy is smaller in
structurally asymmetric diols than in symmetric ones.
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SCHEME 1: Vicinal Diol Equilibrium in Condensed
Phasea

a R1 and R2 can be H, CH3, or C2H5. H-bond acceptor and donor are
labeled on the two OH groups on the left side.
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Experimental Section

Materials. Analytical reagent grade 1,2-ethylene glycol (1,2-
EG), (()-1,2-propanediol (1,2-PD), 1-propanol, and 2-propanol
(purity G95%) were obtained from Beijing Chemical (China).
Commercial (2R,3R)-2,3-butanediol (2,3-BD, purityG98%) was
purchased from Johnson Matthey (England). (()-1,2-butanediol
(1,2-BD, purity G98%) was purchased from Acros (Belgium).
All chemicals were used without further purification.

Linear Infrared Measurement. FTIR spectra with frequency
ranging from 4000 to 1000 cm-1 were collected using a Nicolet
6700 spectrometer (Thermo Electron) with a spectral resolution
of 1 cm-1 and were averaged for 64 scans. A CaF2 IR sample
cell with a 950 µm path length was used. All diol samples were
dissolved in carbon tetrachloride (CCl4) with concentrations of
1.8 (1,2-EG), 0.9 (1,2-PD), 1.2 (2,3-BD), and 1.1 mM (1,2-
BD). A low concentration was used to ensure monodispersed
solute molecules. At least three FTIR measurements for each
sample were performed at room temperature (23 °C) for
statistical analysis. FTIR spectra of the diols were also recorded
at higher temperatures (40, 60, and 80 °C) using a homemade
thermal bath. Sample temperature was directly monitored on
the IR cell. FTIR spectra of the two monohydric alcohols in
CCl4 were also measured at room temperature under the
following conditions: 1-propanol (169.9 mM, 250 µm IR cell
spacer) and 2-propanol (38.6 mM, 100 µm spacer). IR absorp-
tion bands in the OH stretching region in each case were fitted
with Lorentzian functions.

Computational Methods

Geometry optimization and normal-mode frequency calcula-
tion of the four chosen diols, 1,2-EG, 1,2-PD, 2,3-BD, and 1,2-
BD, were carried out at the level of B3LYP/6-31+G*. This
combination of theory and basis sets is believed to be useful in
predicting gas-phase vibrational frequencies of midsized bio-
molecules.28 Geometries of the four diols were fully optimized

with tight convergence criteria. No imaginary frequency was
observed in their normal-mode frequencies, indicating that the
optimized structures were at their global minima on the potential
energy surfaces. The natural population analysis (NPA)29 was
performed at the same level of theory to examine the H-bond-
induced charge redistributions of various groups. The natural
bond orbital (NBO) computation was performed to evaluate
changes in hyperconjugation upon the formation of an IHB
complex. All computations were carried out using Gaussian 03.30

Results and Discussion

Linear Infrared Spectra. Linear IR spectra of the four diols
in the OH stretching region at low concentration in CCl4 are
given in Figure 1: (a) 1,2-EG, (b) 1,2-PD, (c) 2,3-BD, and (d)
1,2-BD. Molecular structures shown in the Figure 1 inserts are
their lowest energy gas-phase conformers. Substantial differ-
ences in IR peak separation and intensity are clearly observed.
The high-frequency band arises from the free OH group,
whereas the low-frequency band can be attributed to H-bonded
OH. The values of ν, ν1/2 (full width at half-maximum, fwhm),
∆ν, and R () Sintra/Sfree, ratio of integrated peak area), are listed
in Table 1 with root-mean-square analysis. Immediately, one
sees that 2,3-BD has the largest ∆ν and R values, implying the
strongest IHB. However, the value of ∆ν does not correlate
well with that of R in the four cases. In particular, one sees that
1,2-PD has a relatively larger ∆ν but the smallest R among the
four cases, suggesting that ∆ν and R may have somewhat
different origins.

Origin of Frequency Shift. To understand the origin of ∆ν,
we first examine the CE effect proposed in eq 1. Local structure
difference of the two OH groups may cause nondegeneracy in
their fundamental transition frequencies (∆νCE * 0). However,
because of structure symmetry, ∆νCE is expected to be very
small for 1,2-EG and 2,3-BD because two OH groups presum-
ably have a very similar chemical environment when they are
not H-bonded. For structurally asymmetric diols, monohydric
alcohols can be used to evaluate ∆νCE. Figure 2 shows FTIR
spectra of 1-propanol and 2-propanol in CCl4 in the OH
stretching region. The component near 3500 cm-1 is considered
to be H-bonded clusters. The more-or-less concentration-
independent free OH stretch vibrational frequency of 1-propanol
is 3637.6 cm-1, and that of 2-propanol is 3626.5 cm-1. Their

Figure 1. Linear IR spectra in the OH stretching region and molecular
structures (inserts) of the four diols in CCl4: (a) 1,2-EG, 1.8 mM; (b)
1,2-PD, 0.9 mM; (c) 2,3-BD, 1.2 mM; (d) 1,2-BD, 1.1 mM. Fitting
uses Lorentzian function. Noisy signal near 3700 cm-1 is due to residual
water in sample. Sample temperature: 23 °C.

TABLE 1: Frequency (ν, cm-1), Full Width at Half-Maximum (ν1/2, cm-1), Frequency Shift (∆ν, cm-1), and Integrated Peak
Area Ratio (R ) Sintra/Sfree) of the Two OH Absorption Bands for the Four Diols

OHfree OHintra

species ν ν1/2 ν ν1/2 ∆ν R

1,2-EG 3642.8 ( 0.2 24.4 ( 0.2 3607.2 ( 0.2 34.1 ( 0.2 35.6 ( 0.4 1.18 ( 0.04
1,2-PD 3637.3 ( 0.5 27.4 ( 0.2 3597.4 ( 0.6 28.0 ( 0.2 39.9 ( 1.1 1.01 ( 0.04
2,3-BD 3635.5 ( 0.4 21.7 ( 0.2 3589.6 ( 0.4 36.9 ( 0.2 45.9 ( 0.8 1.79 ( 0.06
1,2-BD 3639.2 ( 0.2 26.7 ( 0.2 3597.7 ( 0.2 35.5 ( 0.6 41.5 ( 0.4 1.16 ( 0.04

Figure 2. FTIR spectra in the OH stretching region for propanols in
CCl4: (a) 1-propanol, (b) 2-propanol. Molecular structures are also
shown. Sample temperature: 23 °C.
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frequency difference gives ∆νCE ) 11.1 cm-1 for 1,2-PD.
Similarly, ∆νCE ) 9.7 cm-1 is obtained for 1,2-BD from the
FTIR spectra of 1-butanol and 2-butanol, whose free OH stretch
frequencies are 3640.2 and 3630.5 cm-1, respectively (data taken
from NIST Chemistry WebBook31). We believe that these values
are probably the most reasonable approximation one can make
for the CE effect on OH groups in the four species.

Pairwise anharmonic vibrational coupling (�) between two
of the OH stretching vibrators will cause a frequency separation
(∆νVC), which can be evaluated by decoupling the wave
functions of the coupled normal modes.32,33 This is a vibrational
Hamiltonian-based approach. Briefly, in this approach, the
degree of mode delocalization and vibrational coupling is
encoded in their wave function mixing. The observed IR
transition energies of the two OH groups are regarded to be a
linear combination of local (uncoupled) OH stretching modes.
The normal-mode eigenvectors can be used to decouple the two
modes. For the two vibrator system, such a decoupling process
is straightforward if the mode is assumed to be localized on
the O-H stretching motion, which is the case here. With this
approach, local-mode frequencies, vibrational coupling constant,
and local-mode transition dipoles are obtained. The obtained
coupling contains both through-bond (mechanical) and through-
space (electrostatic) contributions. In this context, the gas-phase
low-energy conformation of diols should be a reasonable starting
point. Each of the conformations predicted by ab initio
computations at the B3LYP/6-31+G* level possesses the five-
membered quasi-ring structure (Figure 1 inserts). Table 2 lists
optimized H-bonding geometric parameters for the four diols
with the lowest energy conformation. In these conformations,
the two OH groups are aligned in the same direction (with an
acute angle), suggesting a positive transition dipolar coupling.
In solution phase, the ring-structured conformation is also
believed to be most stable for monodispersed diols in nonpolar
solvent such as CCl4. Therefore, we use these structures to
evaluate the vibrational coupling effect on ∆ν and IR intensity
transfer.

Table 3 shows the calculated normal-mode (ν) and local mode
frequencies (ν0) and vibrational coupling constant (�) for the
four diols. It is found that � is generally smaller than 1 cm-1,

which is due to the highly localized nature of the OH stretching
vibration. With such small � values and relatively larger
frequency separations, ∆νVC is expected to be small (<2�).
Coupling-caused frequency separation reaches its maximum only
when two local mode transition energies are degenerate, where
one finds ∆νVC ) 2|�|.

Because the IR intensity is proportional to the strength of
the transition dipole, the effect of coupling on the intensity can
be evaluated. For this, we still use the computed IR intensities
from the four optimized structures. First, ab-initio-computations-
yielded IR spectra in the OH stretch region are given in Figure
3. Here a frequency scaling factor (0.9647) is used. The
computed IR transition frequencies are broadened according to
experimentally obtained band widths with integrated areas equal
to the computed transition intensities. As can be seen, after the
scaling, the computed frequency separations are quite similar
to the experimental values. However, the intensities of the two
bands in each case are not always similar to experiments. This
is because in the solution phase, there are also non-H-bonded
species that contribute to the observed free OH stretching bands.
Using the computed IR intensities, the ratio of the transition
dipole strength between two normal modes is defined as P )
|µintra|2/|µfree|2, whereas that of the local modes is defined as Q
)|µintra

0|2/|µfree
0|2, and thus the ratio Q/P can be used to correct

IR intensities. Here we use Q/P to scale the experimentally
observed intensities to remove the coupling effect. If we assume
that there are only two sources for the intensity transfer, namely,
coupling and H-bonding, then the intensity ration purely due
to H-bonding becomes RHB ) (Sintra/Sfree)HB ) R ·Q/P. Again,
the above modelings are based on the gas-phase optimized
structures, and the structural dependence of Q/P is ignored. The
obtained transition dipole magnitudes and ratio of transition
dipole strengths, experimentally observed ratio (R) for integrated
peak area, and its correction factor, Q/P, as well as the corrected
ratio, RHB, are listed in Table 4.

Once ∆νCE and ∆νVC are available, the value of ∆νHB in each
case can be determined using eq 1. The values of all terms in
the four cases are listed in Table 5. By removing the CE and
VC effects, ∆νHB is found to be generally smaller than ∆ν in
all cases and significantly smaller for the asymmetric diols.

H-Bonding Caused Infrared Intensification. As has been
shown above (Table 4), the HB enhancement of the transition
intensity, that is, RHB, can be obtained by removing the VC effect
from the observed R value. This is done by using the vibrational
coupling, transition dipole, and OH bond angle of the low-
energy conformation in each case. It has been found34 that the
anharmonic properties of the fundamental and overtone transi-
tions of an acceptor OH in vicinal diols are not significantly

TABLE 2: Optimized Geometric H-Bond Parameters of the
Lowest-Energy Conformation for the Four Diols

rO-H/pm rH · · ·O ∠O-H · · ·O rmid
a θOH · · ·OH

b

species OHfree OHintra pm deg pm deg

1,2-EG 96.8 97.2 238.5 106.4 295.7 61.2
1,2-PD 96.8 97.3 227.6 109.7 287.4 57.2
2,3-BD 96.9 97.3 217.9 111.8 279.3 53.6
1,2-BD 96.8 97.2 225.9 110.1 286.1 56.8

a Distance between the mid points of the two O-H bonds.
b Angle between the two O-H bonds.

TABLE 3: Calculated IR Frequencies (ν, cm-1), Obtained
Local Mode Frequency (ν0, cm-1), and Vibrational Coupling
Constant (�, cm-1)

species νi νi
0 νi

0 - νi �

1,2-EG 3729.736 3729.755 0.019 0.9252
3775.349 3775.330 -0.019

1,2-PD 3716.442 3716.444 0.002 0.3747
3774.590 3774.587 -0.003

2,3-BD 3713.135 3713.136 0.001 0.2722
3764.444 3764.442 -0.002

1,2-BD 3719.482 3719.485 0.003 0.3877
3774.295 3774.293 -0.002

Figure 3. Calculated IR spectra of four diols with experimental
broadenings and computed total intensities: (a) 1,2-EG, (b) 1,2-PD,
(c) 2,3-BD, (d) 1,2-BD.
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affected by H-bonding, justifying its usage as the “free” OH
group. The obtained RHB values are listed in Table 4. It is found
that the value of RHB is 2-6% larger than that of R, and exhibits
a quantitative linear relationship with ∆νHB

RHB ) 0.04663∆νHB - 0.2665 (2)

A plot of RHB versus ∆νHB is shown in Figure 4 (top, dots).
The correlation coefficient between RHB and ∆νHB is found to
be 0.99. Equation 2 means the larger the ∆νHB, the larger the
RHB. Therefore, we believe that RHB can probably serve as a
measure of the HB strength in these molecules. In general,
forming an IHB will lengthen the O-H equilibrium distance
and increase the magnitude of the electric transition dipole
moment of the mode,6 which is the origin of the intensity
enhancement of the OHintra band. Furthermore, the found linear
relationship between ∆νHB and RHB shown above suggests that
the obtained ∆νHB is proportional to the amount of such intensity
enhancement. Therefore, ∆νHB reflects the intrinsic property of
the changed vibrational potential surface due to the IHB. Here
the CE effect on R is assumed to be very small and thus
neglected. However, according to Scheme 1, there are two parts
of free OH on the right side and one part of “free” OH on the
left side. They must have overlapping stretching frequencies
because experimentally, only two OH stretching bands are
observed. Therefore it has to be pointed out that RHB is only an
apparent measure of H-bonding resulted enhancement. The
actual intensification of the H-bonded OH stretching band should
be a few percent larger than RHB (related to the equilibrium
constant K, see below). The interplay of CE, VC, and HB on
the frequency and intensity of the two OH modes for vicinal
diols is illustrated in Figure 4 (bottom).

Enthalpies of Intramolecular Hydrogen Bond Formation.
The enthalpies can be estimated on the basis of experimental
and computational results. First, the vibrational contribution to
the O · · ·H-O IHB formation enthalpy, denoted as ∆HHB

V , can
be computed using ∆HHB

V ) h∆νHB,6 which is a direct vibrational
energy drop upon forming the IHB. Here h is Planck’s constant.

The results are given in Table 5. Then, the total IHB formation
enthalpy, ∆H, can be estimated (Table 5). On the basis of
Scheme 1, a relationship between RHB and the equilibrium
constant, K, can be found: RHB ) Q/(1 + 2K), so that K )
(Q/RHB - 1)/2. Using RT ln K ) -∆H + T∆S and ignoring
T∆S at room temperature, we can estimate ∆H. We find K )
0.082 and ∆H ) -1.48 kcal/mol for 1,2-PD and, K ) 0.077
and ∆H ) -1.52 kcal/mol for 1,2-BD. However, such an
attempt for 1,2-EG and 2,3-BD is impractical because in these
two cases, the Q values are smaller than the RHB values.

The total HB formation enthalpy can also be estimated using
the empirical equations. According to recent studies,21,26 the
transition frequencies and their separation of H-bond-forming
species are connected to the enthalpy of the H-bond formation
by the B-B equation23,24

∆ν/ν ) -k∆HBB (3)

here ∆ν is the total frequency separation between free and
H-bonded OH stretching modes, ν is the frequency of the free
OH stretching mode, and k ) 1.7 × 10-2 mol/kcal is a
constant.35 The estimated values of the four diols using eq 3
are listed in Table 5. The total IHB formation enthalpies can
also be evaluated using Iogansen’s equation25

∆HI ) -0.3312(∆ν - 40)1/2 (4)

with ∆HI in kilocalories per mole. Even though this equation
does not apply to the case in which ∆ν e 40 cm-1,25 the
estimated values of 2,3-BD and 1,2-BD are very close to those
from the B-B equation. However, it seems that both the
empirical equations yield underestimated enthalpies, suggesting
that these empirical eqs 3 and 4 may not be applicable to
intramolecular H-bonding situations.

TABLE 4: Calculated Normal-Mode Transition Dipole
Moment (µ, D), Ratio of the Transition Dipole Strength
(P ) |µintra|2/|µfree|2), Local-Mode Transition Dipole Moment
(µ0, D), Ratio of the Local-Mode Transition Dipole Strength
(Q ) |µintra

0|2/|µfree
0|2), Ratio Q/P, Experimentally Observed

Peak Area Ratio (R), and That Due to H-Bond Only (RHB)
for the Four Diols

species µ P µ0 Q Q/P R RHB

1,2-EG 0.0623 1.02286 0.0633 1.08393 1.0597 1.18 1.25
0.0616 0.0608

1,2-PD 0.0666 1.17273 0.0669 1.19886 1.0223 1.01 1.03
0.0615 0.0611

2,3-BD 0.0710 1.76120 0.0713 1.79620 1.0199 1.79 1.83
0.0535 0.0532

1,2-BD 0.0706 1.33514 0.0710 1.37269 1.0281 1.16 1.19
0.0611 0.0606

TABLE 5: Contributions to the OH Stretch Frequency Separation (cm-1), HB Enhancement (RHB), and Vibrational
Contribution to the HO · · ·HO H-Bond Formation Enthalpy (∆HHB

V , ∆H, ∆HBB and ∆HI in kcal/mol) for the Four Diols

species ∆ν ∆νCE ∆νVC ∆νHB RHB ∆HHB
V a ∆Hb ∆HBB

c ∆HId

1,2-EG 35.6 0.0 0.04 35.56 1.25 -0.1017 -0.5749
1,2-PD 39.9 11.1 0.01 28.79 1.03 -0.0824 -1.4811 -0.6453
2,3-BD 45.9 0.0 0.00 45.90 1.83 -0.1313 -0.7426 -0.8045
1,2-BD 41.5 9.7 0.01 31.79 1.19 -0.0909 -1.5200 -0.6708 -0.4056

a Obtained using ∆HHB
V ) h∆νHB.6 b ∆H ) -RT ln K. c Obtained using the B-B relationship21,26 based on ∆ν. d Obtained using the Iogansen

equation25 based on ∆ν.

Figure 4. Linear relationship between IHB-resulted integrated area
ratio RHB and ∆νHB (b) and plot of observed ratio R and ∆ν (O) (top).
Illustration of OH stretching transition energy separation and intensity
change due to hydrogen bonding, vibrational coupling, and chemical
environment effect in diol (bottom).
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In an intermediate-strength HB system, the enthalpy is about
-5 to -10 kcal/mol, out of which one tenth comes from
vibration.6 The results in Table 5 suggest that IHB in the diols
is in the weak HB regime. Take 1,2-BD as an example: ∆HHB

V

accounts for roughly 1/16 of the total HB interaction energy,
∆H. Nevertheless, on the basis of ∆νHB and ∆HHB

V , we conclude
that the vibrational contributions to the total ∆H are ordered as
2,3-BD > 1,2-EG > 1,2-BD > 1,2-PD. In other words, 1,2-PD
has the smallest vibrational stabilization for the IHB. Further-
more, the values ∆HBB also suggest that 1,2-PD has the weakest
IHB among the four molecules.

Nature of Intramolecular Hydrogen Bond in Diols. Rela-
tive strengths of the H-bonds in the diols are shown in their
bond length and angle between two OH bonds in each case.
The O-H bond length and H-bonding parameters listed in Table
2 clearly show that the shortest HB donor-acceptor distance
(H · · ·O) is observed in 2,3-BD (rH · · ·O ) 217.9 pm), whereas
the OH bond length is the longest (rO-H ) 97.3 pm), suggesting
a relatively stable intramolecular H-bond.

The NPA29 is used to examine the H-bond-induced charge
redistributions. The results are listed in Table 6. It is seen that
C1 and C2 atoms in 1,2-EG have different charges as a result
of forming the intramolecular H-bond. Similarly, it is seen that
in 2,3-BD, C2 and C6 atoms have different charges, and even
C1 and C8 in two methyl groups have different charges,
suggesting that the two methyl groups are affected by the IHB:
the two groups seem to be involved differently (electron pushing
versus pulling) in the formation of the H-bonded complex.

The intrinsic nature of HB has been believed to be a subtle
balance of hyperconjugation and rehybridization effects.36

NBO30 computations show that all four diols have hypercon-
jugative interactions between the HB acceptor oxygen lone-
pair orbital n(O) and the HB donor O-H σ antibond orbital
σ*(O-H) (Table 7), suggesting the presence of an IHB.18 The

hyperconjugation will lengthen the donor O-H bond length,
leading to a red shift of the donor O-H stretch frequency. Even
though the predicted order of the hyperconjugation interaction
for the four diols is not the same as that of the obtained ∆νHB,
the computations show that 2,3-BD has the most significant
hyperconjugative interaction between n(O) and σ*(O-H) orbit-
als, suggesting the presence of the strongest IHB among the
four molecules. On the contrary, when the rehybridization
dominates, as occurred in the case of the C-H · · ·X complex,
the C-hybrid orbital in the C-H bond undergoes a significant
change in hybridization and polarization,36 and a blue shift of
the C-H stretch frequency shall be observed, which is beyond
the scope of the present work.

The difference of the IHB situations in these diols is actually
revealed by their IR absorption line widths from the dynamics
aspect. For example, as seen in Table 1, for 2,3-BD, ν1/2 of
OHfree is the narrowest and that of OHintra is the broadest, which
is consistent with the picture that a relatively stronger HB is
formed between the two OH groups. Because of the same
reason, more inhomogeneous broadening is seen in the band-
width of the latter than in the former. The structurally dependent
IR line width may be understood on the basis of the size of
chemical groups in the neighborhood and their roles in affecting
the IHB stability. In a small flexible system such as 1,2-EG,
every atom moves dynamically, and thus it is not expected to
form a very stable IHB. In 2,3-BD, two methyl groups exhibit
different charge distributions associated with the formed IHB,
as seen from NPA shown in Table 6. One may argue the other
way around that the different charge distribution may promote
the formation of the IHB, as discussed previously in the
formation of an intermolecular HB by dimethyl sulfoxide/
methanol complex.37 For 1,2-BD, the larger size of the alkyl
group on one side may promote the separation of the hydro-
phobic and hydrophilic terminus of the molecule and thus
indirectly stabilize the IHB. The least stable IHB in 1,2-PD
might have something to do with both the size of the alkyl
groups and the asymmetric structure of itself.

Furthermore, the temperature-dependent linear IR experiment
(Figure 5) also suggests the presence of IHB in each case. Figure
5 shows FTIR spectra of the four diols at 80 °C in comparison
with those at 23 °C. Spectral fitted parameters and estimated
ratios of the integrated area for the 80 °C spectra are given in
Table 8. It is found that the values of ν and ν1/2 of the two OH
absorption bands change to different extents as a function of
temperature for the four diols. In particular, ∆ν and R values at
higher temperature (80 °C) are found to be somewhat smaller
than those at room temperature, showing the signature of
breaking the IHB as temperature increases. In addition, the
temperature-dependent linear IR measurements can be used to
compute the enthalpies of forming IHB for the four diols.10,38,39

However, this requires a careful experimental determination of
the absorption coefficient for the free and H-bonded OH
stretching bands. Because there are only two OH bands in this
region but the equilibrium shown in Scheme 1 involves three

TABLE 6: NPA Charges (in e) for the Four Diols

TABLE 7: NBO Analysis for the Four Diolsa

species entity energy of bonds and lone pairs important admixtures: entity and (stabilization)

1,2-EG O7 π lone pair -0.33032 C1C2* (0.55), C1H4* (2.92), C1H3* (7.30), O9H10* (0.82)
1,2-PD O10 π lone pair -0.34013 C1C2* (0.70), C1H3* (7.19), C1H4* (2.47), O12H13* (1.42)
2,3-BD O13 π lone pair -0.33644 C2H7* (2.56), C1C2* (6.86), C1H4* (0.96), O15H16* (2.04)
1,2-BD O13 π lone pair -0.34090 C1C2* (0.71), C1H3* (2.39), C1H4* (7.16), O15H16* (1.53)

a Energy of NBO entities are reported in hartree. The stabilizations are in kilocalories per mol. Interactions of “geminal” entities (sharing a
common atom) and those less than 0.5 kcal/mol are not reported.

6074 J. Phys. Chem. A, Vol. 113, No. 21, 2009 Ma and Wang



parts of free OH and one part of H-bonded OH, experimentally
measuring the total enthalpy remains to be a difficult case at
the moment. However, as we have shown above, the equilibrium
constant, K, and enthalpy, ∆H, can be roughly estimated on
the basis of room-temperature linear IR results and ab initio
computations.

Concluding Remarks

In summary, by taking linear IR measurements in the OH
stretching region, by performing ab initio quantum chemical
computations on transition frequency and transition dipole, and
by using vibrational excitonic Hamiltonian modeling, the present
study reveals the physical basis of the observed total IR
frequency shift of the two OH stretching bands and the IR
intensifications of the H-bonded OH band in vicinal alkyl diols.
The dissection of the total frequency shift by eq 1 has been
successfully demonstrated. Using the obtained ∆νHB as a
measure, the vibrational stabilization contributions to the
enthalpy of the IHB formation for the four vicinal diols are
determined. The enthalpies of IHB formations in these diols
are estimated by several methods, including two empirical
equations. These results are used to differentiate the HB strength
in these similar IHB complexes. The formed IHB is found to
be in the weak H-bond regime for the four diols. Our results
suggest that 1,2-PD has the weakest IHB and 1,2-BD has the
strongest IHB among the four diol molecules. A linear relation-
ship between the “purely” H-bond-induced frequency separation
and the corrected peak enhancement is found.

A general approach to decoupling the IR transition frequency
and transition intensity of highly localized modes together is
proposed. The uncoupled local mode frequencies and their IR
intensities can be easily obtained. We find that the computations
and modelings can become very useful in interpreting experi-
mental results. The approach outlined here may be applied to

diols with cyclic chains and even to IHB systems involving other
functional groups such as N-H in peptides and nucleic acids.

Even though we present a case study of four linear diols,
one may speculate that the obtained ∆νHB may be a true measure
of vibrational intensity enhancement because of the IHB
complex formation for any vicinal diols with even bigger R1

and R2 alkyl groups (Scheme 1). Furthermore, ∆νHB shall work
better than RHB in the case where more than one species are
involved and have overlapping IR absorption bands, as shown
in the diols present here. On the basis of these considerations,
a general caution should be taken when using the observed
frequency shift to evaluate the strength of a HB directly because
∆ν is usually not the same as ∆νHB. Furthermore, it should be
pointed out that the anharmonic vibrational coupling resultant
frequency shift is found to be negligibly small in the case of
OH stretch modes; however, this may not be the case in other
systems such as the CdO stretch modes in peptides. Recent
studies showed that vibrational coupling in the latter case can
easily be of a few cm-1 and is thus non-negligible.33

The results from this study shall be helpful in understanding
the origins of changes in both the frequency and line shape of
the OH stretching band. The chemical environment, vibrational
coupling, and H-bonding condition, all play a certain role in
this regard. It is these factors that determine the local structural
sensitivity of the OH mode. The OH mode can be used as
vibrational spectroscopic probes for local structures and dynam-
ics of H-bonded molecular systems in condensed phases, as has
been recently explored by nonlinear IR techniques.40-42
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