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ABSTRACT: Intramolecular hydrogen bonds (H-bonds) are
abundant in physicochemical and biological processes. The
strength of such interaction is governed by a subtle balance
between conformational flexibility and steric effect that are often
hard to predict. Herein, using linear aminoalcohols
NH2(CH2)nOH (n = 2−5) as a model system, we demonstrated
the dependence of intramolecular H-bond on the backbone chain
length. With sensitive photoacoustic Raman spectroscopy (PARS),
the gas-phase Raman spectra of aminoalcohols were measured in
both N−H and O−H stretching regions at 298 and 338 K and
explained with the aid of quantum chemistry calculations. For n =
2−4, two conformers corresponding to the O−H···N intra-
molecular H-bond and free OH were identified, whereas for n =
5, only the free-OH conformer was identified. Compared to free OH, a striking spectral dependence was observed for the
intramolecular H-bonded conformer. According to the red shift of the OH-bonded band, the strongest intramolecular H-bond yields
in n = 4, but the favorable chain length to form an intramolecular hydrogen bond at room temperature was observed in n = 3, which
corresponds to a six-membered-ring in 3-aminopropanol. This is in good agreement with statistical analysis from the Cambridge
Structural Database (CSD) that the intramolecular hydrogen bond is preferred when the six-membered ring is formed. Furthermore,
combined with the calculated thermodynamic data at the MP2/aug-cc-pVTZ//M062X/6-311++G(d,p) level, the origin of decrease
in intramolecular hydrogen-bond formation was ascribed to an unfavorable negative entropy contribution when the backbone chain
is further getting longer, which results in the calculated Gibbs free energy optimum changing with increasing temperature from n = 4
(0−200 K) to n = 3 (200−400 K) and to n = 2 (above 400 K). These results will provide new insight into the nature of
intramolecular hydrogen bonds at the molecular level and the application of intramolecular hydrogen bonds in rational drug design
and supramolecular assembly.

■ INTRODUCTION
Hydrogen bond (H-bond) is one of the most important
driving forces in nature, playing a vital role in various physical,
chemical, and biological processes, such as enzyme catalysis,
molecular recognition, crystal engineering, and drug design.1−4

The H-bond is usually presented in the form of X-H···Y, where
X and Y are highly electronegative elements such as O, N, and
F. While the H-bond is typically conceived as intermolecular
interaction between pairs of molecules, it can occur as
intramolecular interaction when two polar functional groups
are simultaneously present within the same molecule.

Intramolecular hydrogen bonds are widespread in organic
and biological molecules. They stabilize molecular conforma-
tions, tune the folding patterns and the way in which they
interact with each other or with the solvent, and affect
molecular physicochemical properties such as membrane
permeability, water solubility, and lipid solubility.5−9 The
formation or disruption of intramolecular H-bonds is often

used as a design strategy to modulate chemical and biological
properties of interest, such as new materials and drugs.10−13

On the other hand, the design strategies also require an
assessment of intramolecular H-bond strength or its formation
probability, which is a subtle balance governed by conforma-
tional flexibility, steric strain, and polarity of functional groups.
Recently, several theoretical and experimental methods have
been proposed to estimate the strength of intramolecular H-
bonds.14−16
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Aminoalcohols are important building blocks of biological
molecules which play a role in life-related processes such as
transmission of nerve impulses or cell membranes. This
particular system possesses a flexible backbone with two polar
functional groups whose conformation strongly depends on
intramolecular H-bond formed between −OH and −NH2
groups. For the straight-chain linear aminoalcohols,
NH2(CH2)nOH, in which the H-bonded donor and acceptor
are separated by a variable linker of the −CH2 group, such as
2-aminoethanol (2-AE), 3-aminopropanol (3-AP), 4-amino-
butanol (4-AB) and 5-aminopentanol (5-AP), can be used as a
prototype for investigating the effect of conformational
flexibility on intramolecular H-bond. Undoubtedly, the proper-
ties of the compounds should be mediated by the linking
number of methylene fragments.

Intramolecular H-bonds in aminoalcohols NH2(CH2)nOH
have been the subject of many experimental and theoretical
studies. The levels of theory range from Hartree−Fock, MP2,
B3LYP and CCSD(T),17−21 and spectral techniques include
microwave spectroscopy, low-temperature matrix infrared
spectroscopy, and gas-phase infrared spectroscopy.22−31 It
was shown that only the conformer with the O−H···N
intramolecular hydrogen bond was identified in the gas phase
although theoretical calculation predicted that another con-
former with the N−H···O intramolecular H-bond should exist.
In addition, compared to n = 2, the O−H···N intramolecular
H-bond is much stronger in n = 3, indicating that the strength
of intramolecular H-bond increases as the backbone chain gets
longer. This can easily be understood when considering that
increasing the chain length will lead to an increase in the
flexibility of the chain linking the NH2 and OH groups. A more
flexible chain will be more favorable for orientating two
functional groups to maximize the intramolecular H-bond
strength. Recently, using microwave spectroscopy under
supersonic jet cooling condition of 2 K rotational temperature,
Lavrich et al. conducted a series of investigations on
intramolecular H-bonded conformations of linear amino-
alcohols n = 2−5, showing that n = 4 yields the strongest
intramolecular H-bond.25,26,29,31 In addition, using high-level
G4 ab initio calculations, Lamsabhi et al. investigated the
characteristics of intramolecular H-bonds in aminoalcohols of
n = 2−7 and suggested that the strength of intramolecular H-
bonds goes through a maximum at n = 4 with a seven-
membered ring.19 It is known that conformational distributions
under supersonic jet cooling conditions are different from
room temperature, and accurate description of the character-
istics of weak noncovalent interaction is still a challenge for
quantum chemistry calculation. To get a better understanding
on the effect of chain length on the strength of intramolecular
H-bond and the formation probability for different ring sizes,
we systematically investigate gas-phase Raman spectra of a
series of linear aminoalcohols NH2(CH2)nOH (n = 2−5) in
the N−H and O−H stretching regions at different temper-
atures from room temperature 25 to 65 °C.

Vibrational spectroscopy, including infrared and Raman
spectroscopy, is a powerful tool for identifying molecular
conformations and intramolecular H-bond. It is known that
vibrational frequencies of functional groups are sensitive to
conformational changes, and different vibrational frequencies
directly correspond to different conformers, which provide the
basis for experimental studies. On the other hand, when an
intramolecular H-bond is formed, it can cause a substantial
conformational change accompanied by a red shift in

vibrational frequency. Compared to the gas phase, liquid-
and solid-state vibrational spectroscopies are often disturbed
by molecular association and barely considered as a free
molecule. Therefore, the gas-phase vibrational spectra are more
advantageous in providing intrinsic information on intra-
molecular interaction due to being free from intermolecular
interaction.

Compared to gas-phase infrared spectroscopy, the band
shape of gas-phase Raman spectroscopy is more narrow and
separated and thus can reduce rovibrational substructure and
decrease spectral overlapping in a particularly effective way,
more favorable in distinguishing different conformers. This is
because infrared and Raman spectroscopies have different
transition selection rules. The former consists of three P, Q,
and R branches from ΔJ = 0, ± 1 transitions, whereas the latter
mainly consists of the Q branch from the ΔJ = 0 transition.
Recently, based on gas-phase supersonic jet Raman spectros-
copy and theoretical calculations, Suhm et al. conducted a
benchmarking investigation on the correlations between O−H
stretching frequency and subtle H-bond in a series of vicinal
diols, and identified their H-bonded and free conformers.32,33

Conventional gas-phase spontaneous Raman spectroscopy is
generally weak, which limits its application to some extent. It is
particularly worth mentioning that the detection of gas-phase
Raman spectra has been significantly improved by Hippler et
al. and Hu et al. using cavity-enhanced Raman spectroscopy
(CERS).34,35 In this work, we employed photoacoustic Raman
spectroscopy (PARS) technique to obtain gas-phase Raman
spectra of four aminoalcohols NH2(CH2)nOH (n = 2−5). The
PARS is a combination of stimulated Raman scattering and
sensitive photoacoustic spectroscopy. It has very high
sensitivity and spectral resolution, especially suitable for
measuring gas-phase Raman spectra of low-volatility amino-
alcohols.

■ EXPERIMENTAL METHODS
The basic theory and experimental setup of PARS have been
fully described in previous studies.36−39 Here, only a simple
description is shown. When the frequency difference between
two laser beams (pump and Stokes beams) is resonant with a
Raman-active vibrational transition, a stimulated Raman
scattering process occurs, and the ground-state molecules are
transferred to vibrationally excited states. Then, intermolecular
collisions cause vibrational excitation energy to convert to local
heating, creating a sound wave that is detected by a
microphone. The sensitivity of PARS is greatly increased
compared to the conventional spontaneous Raman measure-
ment.

In the experiment, the second-harmonic output of 532.1 nm
from a pulsed Nd:YAG laser (line width of 1.0 cm−1, pulse
width of 10 ns) was split into two beams by a quartz wedge.
About 90% of the 532.1 nm laser energy directly entered into a
dye laser system (ND6000, line width 0.05 cm−1) for
generating a tunable Stokes beam (625−637 nm), and the
remainder was used as a pump beam for PARS. The two
linearly polarized laser beams were focused in the center of a
photoacoustic cell with a counterpropagating configuration.
The photoacoustic signal is averaged by a boxcar integrator to
obtain a PARS spectrum. The energies of the pump and Stokes
beams are typically 20 and 10 mJ/pulse, respectively. The
obtained PARS spectrum is normalized relative to the intensity
of the Stokes beam. The wavelengths of both beams are
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calibrated by a wavelength meter with an accuracy of 0.005
nm.

2-Aminoethanol (2-AE), 3-aminopropanol (3-AP), 4-amino-
butanol (4-AB), and 5-aminopentanol (5-AP) were obtained
from Aladdin Company with spectral grade and were used
without further purification. Similar to the method of removing
water from ethylene glycol,40 all of the aminoalcohol samples
were dried over a molecular sieve for 24 h and then placed in a
glass tube on a vacuum line and degassed by several freeze−
pump−thaw cycles. Owing to the low vapor pressure of
aminoalcohols, about 0.1 Torr at 20 °C for 2-AE and lower for
other aminoalcohols, it was necessary to dry the sample very
well to prevent the spectra from being interfered by H2O. To
remove water vapor as much as possible, the cell and sample
were evacuated on a vacuum line for about 2 h. To enhance
the photoacoustic signal at low pressure, a buffer gas of 20
Torr argon was added to the photoacoustic cell for all of the
spectra. When conducting variable temperature PARS experi-
ments, the whole photoacoustic cell was bound with a 500 W
heat band. Owing to the limitations of the response of our
microphone, the temperature was kept below 70 °C.

■ COMPUTATIONAL DETAILS
All calculations were performed with the Gaussian 16 suite of
programs,41 including geometry optimizations, relative ener-
gies, and harmonic vibrational frequencies. The vibrational
frequency analyses were used to verify that all optimized
structures correspond to the true minima on the potential
energy surface and compute the zero point energy (ZPE). The
initial conformation searching was performed by a semi-
empirical method of PM7 based on Molclus code.42 Then,
those low-energy conformations were selected for subsequent
optimizations using the density functional M062X with the 6-

311++G(d,p) basis set. The M062X functional was chosen
because it performed well in characterizing weak noncovalent
interaction in previous studies.43 Also, the density functional
D3-B3LYP/6-311++G(d,p) was performed to compare with
M062X/6-311++G(d,p). To obtain more accurate energies,
single-point energies were calculated at the MP2/aug-cc-pVTZ
level with M062X/6-311++G(d,p) optimized geometries and
ZPE. The thermodynamic data including enthalpy (H),
entropy (S), and Gibbs free energy (G) were calculated by
Shermo program (version 2.3.5) using thermal correction at
the M062X/6-311++G(d,p) level and electronic energies at
the MP2/aug-cc-pVTZ level.44

In addition, intramolecular H-bonding interactions were
characterized by atoms in molecules (AIM)45 and noncovalent
interaction (NCI) theories,46 respectively, which are topo-
logical methods based on the electron density. AIM identifies
bond critical points (BCPs) as stationary points of the electron
density ρ(r), which corresponds to ∇ρ(r) = 0 and can be used
as a criterion for the hydrogen bond. Generally, the larger the
value of ρ, the stronger the H-bonding interaction. In NCI,
noncovalent interactions are identified as areas of low electron

density and low reduced density gradient, = | |s r
r

1
2(3 )

( )
( )2 1/3 4/3 .

The electron density is multiplied by the sign of the second
Hessian eigenvalue, λ2, to characterize the location, strength,
and type of weak interaction. λ2 < 0 corresponds to a bonding
interaction, whereas λ2 > 0 corresponds to a repulsive
interaction. Results from NCI calculations can be visualized
by mapping the color-coded area according to the values of
sign(λ2) × ρ(r). Blue represents strong attractive interactions
and green weaker interactions, whereas red represents
repulsive interactions. The color code is only within the
program used, and other programs may use other colors. Both

Figure 1. (a) AIM molecular graphs for the most stable conformers of four aminoalcohols NH2(CH2)nOH (n = 2−5) obtained at the M062X/6-
311++G(d,p) level. The color coding is gray white = H, light blue = C, dark blue = N, red = O, and orange = bond critical point. For visual clarity,
only the bond critical point (BCP) between H and N is shown, while the others were deleted. (b) NCI isosurfaces for the most stable
intramolecular H-bonded conformers of four aminoalcohols obtained at the M062X/6-311++G(d,p) level. The range of sign(λ2) × ρ(r) used for
the plots is −0.035 to +0.025 au at s = 0.4 au. G and g = gauche (∼60°), and T and t = trans (∼180°); the prime (′) indicates a negative value of
60°.
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AIM and NCI were carried out by the Multiwfn program and
visualized using VMD software (version 1.9.3).47

■ RESULTS AND DISCUSSION
Conformational Analysis. 2-Aminoethanol (2-AE) is

characterized by three independent torsional angles (C−C−
N−lp, N−C−C−O, and C−C−O−H; lp = lone pair), giving a
total of 33 = 27 staggered conformations. Some of the
structures are degenerated due to symmetry, and then the
number of independent conformations is 14. In the case of 3-
aminopropanol(3-AP), 4-aminobutanol(4-AB), and 5-
aminopentanol(5-AP), their geometries are characterized by
4, 5, and 6 independent torsional angles, respectively, giving
the possible conformations of 34, 35, and 36 that complicate the
structural studies.

In this article, the following notations for the conformation
description are used. Taking 2-AE as an example, the
uppercase letters (G and T) refer to the orientation of the
heavy atom backbone (N−C−C−O) and the lowercase letters
refer to the orientation adopted by the C−C−N−lp and C−
C−O−H axes. G and g = gauche (∼60°) and T and t = trans
(∼180°); the prime (′) indicates a negative value of 60° for the
corresponding dihedral angles. Similarly, for 3-AP, 4-AB, and
5-AP, the orientations of the heavy atom backbone are
indicated by uppercase letters G, G′, and T, while those of C−
C−N−lp and C−C−O−H axes are indicated by lowercase
letters g, g′, or t.

Figure 1 shows the most stable conformer of four
aminoalcohols NH2(CH2)nOH (n = 2−5) along with their
AIM and NCI analyses, and the optimized geometries of other
low-energy conformers are presented in the Supporting
Information (Figure S1). From Figure 1, it can be seen that
for each aminoalcohol n = 2−5, the most stable conformers are
stabilized by an O−H···N intramolecular H-bond, correspond-
ing to five-membered, six-membered, seven-membered, and
eight-membered rings, respectively. On the other hand, both

AIM and NCI analyses show that the strength of the
intramolecular H-bond significantly depends on the carbon
chain length. It can be seen from AIM analysis that the
electron density in the bond critical point (BCP) is 0.018,
0.026, 0.038, and 0.028 au in 2-AE, 3-AP, 4-AB, and 5-AP,
respectively, indicating that from n = 2−4, the strength of
intramolecular hydrogen bond goes up as the chain length
increases; whereas from n = 4−5, it decreases as the chain
further gets longer. Therefore, according to the calculations, n
= 4 corresponds to the strongest intramolecular H-bond. The
NCI calculations give similar results. Table S1 lists the
calculated geometrical parameters for the O−H···N intra-
molecular H-bond of four aminoalcohols n = 2−5 at different
theoretical levels including M062X, B3LYP-D3, and MP2. It
can be seen that both the calculated shortest H···N distance
and the largest angle θ (∠OHN) are at n = 4. Therefore, these
results are consistent with previous theoretical calculations for
n = 2−7 that the strongest intramolecular H-bond occurs in n
= 4.19

To assist the assignment of experimental spectra, the
calculated N−H and O−H stretching vibrational frequencies
for low-energy conformers of n = 2−5 are presented in Table
S2 (Supporting Information), in which the relative energies
and Boltzmann distributions as well as Gibbs free energies for
each conformer are also listed. The general trend for the
stability of conformers is in good agreement with the previous
calculated results.20−22 The Boltzmann distributions (%) were
obtained by performing a statistical thermodynamic population
analysis at 298 K. The calculated Boltzmann populations for
the most stable conformers are 67.5, 76.1, 71.2, and 10.6% for
2-AE, 3-AP, 4-AB, and 5-AP, respectively. The sharp decrease
in conformational population of 5-AP is due to a decrease in
intramolecular H-bond strength and, moreover, due to a sharp
increase in the number of possible conformations.
Gas-Phase Raman Spectra of Aminoalcohols. Figure 2

presents the gas-phase Raman spectra of four aminoalcohols

Figure 2. Gas-phase Raman spectra of four aminoalcohols in the N−H and O−H stretching regions at different temperatures. (a) Low temperature
and (b) high temperature. The OHbonded denotes the O−H stretching band from the O−H···N intramolecular H-bonded conformer, and the
OHfree denotes that of the free-OH conformer. NH2-SS: NH2 symmetric stretching; NH2-AS: NH2 antisymmetric stretching; NH2-FR: the
overtone of the NH2 bending mode that is enhanced due to Fermi resonance with NH2-SS.
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NH2(CH2)nOH (n = 2−5) in the N−H and O−H stretching
regions at different temperatures. Table 1 summarizes the
observed band positions along with the calculated frequencies
and Raman activities. Combined with the calculated results, we
assign the observed spectra.

As shown in Figure 2(a), the gas-phase Raman spectra of 2-
AE at room temperature 25 °C shows three intense bands at
3335, 3364, and 3435 cm−1, respectively. According to
calculations, these three bands can be assigned to NH2
bending overtone, symmetric stretching (SS), and antisym-

metric stretching (AS), respectively. The NH2 bending
overtone was calculated at 3314 cm−1(2*1657), which is
enhanced by Fermi resonance with NH2 symmetric stretching
due to their close frequency and the same symmetry, and
called as NH2-FR here. Such Fermi-resonance pairs were
recently identified in size-specific infrared spectra of ammonia
clusters combined with quantum chemistry calculations.48 The
above three N−H bands are present in gas-phase Raman
spectra of all four aminoalcohols n = 2−4 at different
temperatures with similar band positions and relative
intensities. Since theoretical calculations show that the N−H
stretching vibrations are not sensitive to conformational
changes of aminoalcohols (Table S2), we mainly focus on
the O−H stretching spectra in the following text.

For both 2-AE and 3-AP, two O−H stretching bands can be
clearly observed in the gas-phase Raman spectra, as can be seen
from Figure 2(a). According to theoretical calculations, the
higher frequencies at 3690 and 3683 cm−1 can be assigned to
the stretching vibrations from free-OH conformers in n = 2
and 3, respectively, and labeled as OHfree. The lower
frequencies were located at 3574 and 3492 cm−1. It is
known that the red shifts of the O−H stretching frequency are
spectroscopic signatures of H-bond formation. So the bands at
3574 and 3492 cm−1 can be assigned to the most stable
conformers with the O−H···N intramolecular H-bond and
labeled as OHbonded. It can be seen that the red shifts
(Δυ=OHbonded - OHfree) are 116 cm−1and 191 cm−1 in n = 2
and 3, respectively, in good agreement with previous
measurements from gas-phase infrared spectra.22,24,27

In the case of 4-AB and 5-AP, the gas-phase Raman spectra
at room temperature are too weak to be detected due to their
lower volatility. To enhance the signal, the spectrum of 4-AB
was measured at 40 °C, whereas for 5-AP, it is still difficult to
obtain a spectrum at this temperature. Since 40 °C is only 15
°C higher than room temperature, it should not have a
fundamental effect on the spectral intensity or conformational
populations. As can be seen from Figure 2(a), the n = 4
spectrum shows only one high-frequency O−H stretching
band located at ∼3681 cm−1, which corresponds to the free-
OH conformers, whereas the remaining three bands at 3339,
3353, and 3417 cm−1 come from N−H bands. Therefore, the
OHbonded band was not obviously observed due to the low
signal level. This also indicates that the population or the
probability from the OHbonded conformer significantly
decreases near room temperature compared to n = 2 and 3.

Table 1 lists the calculated Raman activities of OHbonded and
OHfree vibrations. It can be seen that the Raman activity of
OHbonded is weaker than that of OHfree with the OHbonded/
OHfree ratios of 0.44, 0.58, 0.73, and 0.76 for n = 2−5,
respectively. Therefore, the calculated weaker Raman activities

Table 1. Observed and Calculated Vibrational Frequencies
(cm−1) of Four Aminoalcohols in the N−H and O−H
Stretching Regions

compounds υobs
a υcal

b
Raman
activityc assignmentsd

2-AE 3335 3314 NH2-FR
3364 3334 114.34 NH2-SS
3435 3417 58.23 NH2-AS
3574 3585 41.48 OHbonded-g′Gg′
3690 3686 94.09 OHfree-gGt/tGt

3-AP 3340 3310 NH2-FR
3351 3317 121.50 NH2-SS
3417 3398 67.06 NH2-AS
3492 3524 58.64 OHbonded-gG′Gg′
3683 3684 99.86 OHfree-gG′G′t

4-AB 3339 3301 NH2-FR
3353 3316 132.93 NH2-SS
3417 3393 53.58 NH2-AS
3431 3382 88.78 OHbonded-g′GG′Gg′
3681 3680 120.52 OHfree-gG′TGt

5-AP
3341 3301 NH2-FR
3351 3311 109.52 NH2-SS
3418 3389 67.35 NH2-AS

unobserved 3457 90.53 OHbonded-gG′TG′Gg
3681 3681 117.25 OHfree-g′G′TTG′t

aFor 2-AE and 3-AP, all of the bands were identified at both 25 and
65 °C. For 4-AB, all of bands were identified at 40 and 65 °C except
the 3431 cm−1 band at only 65 °C. For 5-AP, all of the bands were
identified at 65 °C. bHarmonic frequencies calculated at the M062X/
6-311++G(d,p) level and the frequency scale factor of 0.939 were
used to assist the observed N−H and O−H stretching vibrations. The
calculated NH2 bending mode was multiplied by 2 to obtain the
calculated positions with no scale. cRaman activity was calculated at
the M062X/6-311++G(d,p) level. dNH2-SS: NH2 symmetric
stretching; NH2-AS: NH2 antisymmetric stretching; NH2-FR: the
overtone of the NH2 bending mode that is enhanced due to Fermi
resonance with NH2-SS.

Table 2. Calculated Entropy ΔS (cal/mol/K), Enthalpy ΔH (kcal/mol), and Gibbs Free Energy ΔG (kcal/mol) between
Intramolecular H-Bonded Conformer and Open-Chain Conformer at Different Temperatures

0 Ka 298 Ka 338 Ka

compound ΔS ΔH ΔG ΔS ΔH ΔG ΔS ΔH ΔG

2-AE 0 −2.69 −2.69 −2.03 −2.99 −2.38 −2.14 −3.02 −2.30
3-AP 0 −3.34 −3.34 −4.27 −3.87 −2.60 −4.45 −3.92 −2.42
4-AB 0 −3.41 −3.41 −5.19 −4.03 −2.49 −5.40 −4.10 −2.28
5-AP 0 −3.38 −3.38 −6.77 −3.95 −1.94 −6.80 −3.96 −1.66

aCalculated from MP2/aug-cc-pVTZ electronic energies with ZPVE, enthalpy, and entropy contributions calculated using M062X/6-311+
+G(d,p).
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decrease the observations of OHbonded vibration in experiment,
but it does not change the trend that the population of the
OH-bonded conformer significantly decreases in n = 4
compared to n = 2 and n = 3, as shown in Figure 2(a),
indicating that intramolecular H-bond formation significantly
decreases as the backbone chain gets longer.

According to the calculated band positions listed in Table 2,
the red-shifted OHbonded and NH2 antisymmetric stretching
vibrations are very close in n = 4, and so they may overlap. To
demonstrate this possibility, the gas-phase Raman spectrum of
n = 4 was measured at 65 °C to obtain higher signal-of-noise
and the spectra of n = 2, 3, 5 were also measured at this
temperature, as shown in Figure 2(b). It can be seen that a
very weak shoulder at ∼3431 cm−1 is observed in n = 4
compared to the spectra at 40 °C, which is overlapped with
broad NH2-AS band centered at ∼3417 cm−1. The shoulder at
∼3431 cm−1 can be assigned to the OHbonded although the
calculated OHbonded band is at 3382 cm−1 (the difference is 49
cm−1). For n = 2 and 3, the observed and calculated OHbonded
bands also differ by 11 and 32 cm−1, respectively, as shown in
Table 1. Compared to free OH, the observed red shift is 249
cm−1 in n = 4.

For n = 5, only one high-frequency OHfree band was
observed at ∼3681 cm−1, indicating that the probability for
intramolecular H-bond further decreases in n = 5 compared to
n = 4. It should be mentioned that due to high conformational
flexibility of linear aminoalcohols n = 2−5, the observed OHfree
bands at room temperature may be contributed by more than
one conformers with close OH stretching frequency, especially
for n = 5, as shown in Table S2. In a recent microwave study,
two conformers were identified for 5-AP in supersonic cooling
conditions due to higher conformational flexibility, whereas for
n = 2−4, only one conformer was identified.29

Unlike the intermolecular H-bond, the temperature does not
significantly change the intramolecular H-bond strength,
especially in a limited temperature range such as that in our
experimental condition. As can be seen from Figure 2, the red
shifts of OHbonded bands of n = 2 and n = 3 are similar at 25
and 65 °C. In addition, the red shift of 249 cm−1 in n = 4 at 65
°C is much larger than those of 116 and 191 cm−1 in n = 2 and
n = 3, respectively. Therefore, the intramolecular H-bond in n
= 4 is much stronger than that in n = 2 and n = 3, in good
agreement with AIM and NCI analyses and microwave
investigation under supersonic jet cooling conditions that the
strongest intramolecular H-bond exists in n = 4.26 The largest
red shift means the strongest H-bond, but it does not mean the
most favorable formation probability in n = 4 since the latter is
dependent on the temperature at which the molecules are. As
seen from the OHbonded intensity of n = 2−4 in Figure 2(a), it
can be seen that the intramolecular H-bond probability for n =
2 and n = 3 is much larger than that for n = 4, whereas from a
view of intramolecular H-bond strength, n = 4 and n = 3 are

much stronger than n = 2. According to the calculations (Table
S1), the O−H···N intramolecular H-bonding angle is about
115°, which is far from an optimal 180° and thus the H-bond is
expected to be weak in such a five-membered ring. Considering
the factors of both strength and probability, n = 3 should be
the favorable chain length to form an intramolecular H-bond in
linear aminoalcohols n = 2−5 near room temperature,
indicating that a sort of balance between higher flexibility of
a hydrocarbon skeleton and steric hindrance of functional
groups is reached in n = 3. Such result is in good agreement
with statistical analysis of crystal structures in the Cambridge
Structural Database (CSD) that the probability of intra-
molecular H-bond formation is far greater for a six-membered
ring than for any other systems such as five-membered, seven-
membered, and eight-membered rings.52

In addition, comparing the Raman spectra of n = 2 and n = 3
at 25 and 65 °C in Figure 2, it can be seen that with the
increasing temperature, the OHbonded band decreases and the
OHfree band increases. From 25 and 65 °C, the intensity ratio
of OHbonded/ OHfree changes from 2.18 to 1.78 for n = 2 (1.78/
2.18 = 0.81) and from 1.29 to 0.81 for n = 3 (0.81/1.29 =
0.63), where the intensity was measured as maximum height of
the peak. The greater the change in intensity ratios of
OHbonded/ OHfree, the greater the energy difference between
the two conformers and then the stronger the intramolecular
hydrogen bond. Therefore, the intramolecular H-bond in n = 3
is stronger than that in n = 2. Since we only measured the gas-
phase Raman spectra of n = 2 and n = 3 at two temperatures,
the data on intramolecular H-bond strength were not obtained.
Recently, Siewert et al. conducted a detailed thermodynamic
evaluation of the H-bond strength in a series of 1,2-
aminoalcohols and 2,1-aminoalcohols and the O−H···N
intramolecular bond strength was assessed to be at the level
of ΔH = −11 ± 3 kJ/mol.16

Calculated Thermodynamic Data. Understanding why
the increase of conformational flexibility limits the formation of
intramolecular H-bonds will aid in rational design of medicine
and ligands for protein. According to Ruzicka’s intuition,49 the
probability of the chain terminals coming close enough to each
other for the reaction to occur should decrease on increase of
the chain length connecting the reacting groups. In terms of
entropy, this implies that a negative entropy contribution
occurs when the open chain is converted into a closed ring.50,51

Similar understanding can be applied to intramolecular H-
bond formation; the structure in which the torsional motions
of the backbone chain become restricted is entropically
unfavorable when the intramolecular H-bond is formed. The
more freely the bond rotates, the greater its torsional entropy.

To reveal the origin of optimal chain length for intra-
molecular H-bond in linear aminoalcohols NH2(CH2)nOH (n
= 2−5), the thermodynamic parameters between intra-
molecular H-bonded and open-chain conformers were

Figure 3. Illustration of the conformational equilibrium between intramolecular H-bonding and open-chain forms with 3-AP as an example.
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calculated, including entropy, enthalpy, and Gibbs free energy.
The open-chain conformer was chosen as a reference, in which
the backbone carbon chain was expanded without intra-
molecular H-bond and then the hydroxyl and amino groups
are the most distant from each other, as shown in Figure 3.
Such open-chain reference systems were often used to estimate
the strength of the intramolecular H-bond in previous
studies.15,16 Table S3 summarizes the calculated thermody-
namic parameters between intramolecular H-bonded and
open-chain conformers at 0−400 K with an interval of 100
K, whereas those at specific temperatures of 0, 298, and 338 K
are listed in Table 2, including the changes in entropy (ΔS)
and enthalpy (ΔH) as well as Gibbs free energy (ΔG). As can
be seen from Table S3, the minimum Gibbs free energy (ΔG)
is dependent on the temperature. It occurs in n = 4 under low
temperature T < 200 K, whereas it occurs in n = 3 at 200 K ≤
T < 400 K, and occurs in n = 2 at T ≥ 400 K. For this reason, n
= 4 was observed as a single conformer with the strongest
intramolecular H-bond under supersonic jet cooling con-
ditions.26 Since our experimental temperature ranges from
room temperature 298 to 338 K, the Gibbs free energy
optimum occurs in n = 3 according to the calculations in Table
2.

As shown in Table 2, using thermal correction at the
M062X/6-311++G(d,p) level and electronic energies at the
MP2/aug-cc-pVTZ level, the calculated enthalpy change (ΔH)
at 298 K is −2.98 kcal/mol (equals −12.5 kJ/mol) for 2-AE,
which is very close to the value of −11.7 kJ/mol calculated at
high-level G4 method.16 The calculated entropy change (ΔS)
at 298 K is −2.03 cal/mol/K for n = 2, whereas for n = 3, 4,
and 5, the values are −4.27, −5.18, and −6.77 cal/mol/K,
indicating that an unfavorable entropy contribution increases
with the backbone chain length. On the other hand, the
calculated enthalpy changes (ΔH) are −2.98, −3.86, −4.03,
and −3.95 kcal/mol in n = 2−5, respectively. This results in a
minimum of total Gibbs free energy (ΔG = ΔH-TΔS) for n =
3 with a value of −2.60 kcal/mol. It is known that the reactions
in nature always proceed in the direction of a decrease in free
energy. Therefore, from a view of chemical reaction, above-
calculated thermodynamic data indicate that the most
favorable chain length for intramolecular H-bond formation
occurs in n = 3, which corresponds to a six-membered ring in
3-AP, in good agreement with the observed gas-phase Raman
spectra in Figure 2 when considering that the intramolecular
H-bond strength in n = 4 and n = 3 is stronger than that in n =
2 while the formation probabilities in n = 2 and n = 3 are larger
than that in n = 4. As mentioned early, Kuhn et al. investigated
many molecular systems containing intramolecular H-bonds
from five- to eight-membered rings by searching from
Cambridge Structural Database (CSD) and found that a
pseudo six-membered ring represents the vast majority of the
samples, reflecting that such ring size is the most favorable to
form in nature and able to survive in large molecular
ensembles.12,52

■ CONCLUSIONS
In this study, we have measured high-resolution gas-phase
Raman spectra of four aminoalcohols NH2(CH2)nOH (n = 2−
5) in the N−H and O−H stretching regions at different
temperatures from room temperature 25 to 65 °C. From the
evolution of the observed O−H stretching spectra of the
intramolecular H-bonded conformer and free-OH conformer,
we have gained insight into the dependence of intramolecular

H-bond on chain length at molecular level. Combined with
quantum chemistry calculations, it is shown that the strongest
intramolecular H-bond exists in n = 4, but the entropy drives
the Gibbs free energy to be optimal for the intramolecular H-
bonded conformation with n = 3 at room temperature. This
implies that the six-membered ring intramolecular H-bond is
the most favorable to form in linear aminoalcohols at room
temperature. These results will provide a useful basis for its
more directed and rational use of intramolecular H-bond in
medicinal chemistry, drug design, and new materials.
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