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Aspirin (acetylsalicylic acid) is regarded as one of the oldest
and more widely known drugs all over the world.[1] Aspirin
has been used for a long time as analgesic, antithrombotic,
antipyretic, and antirheumatic, but during the last decades,
additional uses such as its administration on Alzheimer
patients,[2] derived from its anti-inflammatory power, have
been added to the more prominent ones. To date, its structure
has only been studied in crystals by both X-ray[3] and neutron
diffraction.[4] The polymorphism of aspirin is still an enigma
despite numerous experimental studies,[5] and its structure in
the gas phase is unknown. Up to nine conformers have been
postulated by ab initio calculations but no direct evidence of
their existence has been found.[6] The lack of experimental
studies on aspirin in the gas phase, where it adopts a neutral
form, is most likely because of the fact that it is a solid with a
high melting point (m.p. 134–136 8C). In the last years laser
ablation molecular beam Fourier transform microwave (LA-
MB-FTMW) spectroscopy[7] has emerged as a definitive gas-
phase structural probe of solid biomolecules with high
melting points, such as
amino acids[8] or nucleic
acid bases,[9] providing
accurate structural infor-
mation because of indi-
vidual conformers. Here
we report the first rota-
tional study of supersoni-
cally cooled aspirin using
this technique together
with its conformational
analysis. Solid rods of
aspirin were vaporized
by the third harmonic of
a Nd:YAG laser and the
neutral ablation products
were expanded supersoni-
cally to form a molecular

beam where the aspirin molecules are probed with microwave
radiation.

Starting with the rotational constants predicted by ab ini-
tio calculations[10] for the nine lower-energy conformers
(Table S1 in the Supporting Information), wide frequency
scans were conducted to search for spectral signatures of
aspirin. After extensive trial and error we were able to
recognize eight sets of mc-type R-branch lines corresponding
to two different rotamers labeled I and II. In addition to the
Doppler doublets, since the expansion is parallel to the optical
axis of the resonator, splittings of several MHz were observed
in all the transitions (an illustration is given in Figure 1).
Given that aspirin is a closed shell molecule no other
hyperfine structure in the rotational spectra except that
arising from the coupling between the internal and overall
rotation is expected to occur. Thus, we attributed the splitting
shown in Figure 1 to the internal rotation of the methyl group
causing the occurrence of the A–E doublets.[11]

The measured transitions for the A-torsional state were
analyzed using the Watson[12, 13] semirigid rotor Hamiltonian
(HR

(A)) in the asymmetric (A) reduction. The fits provided an
initial set of rotational constants that allowed the prediction
and measurement of a new group of transitions belonging to
the ma- and mb-types for rotamers I and II, respectively. The
final analysis of the complete sets of measured transitions
permitted us to determine the rotational constants of both
rotamers listed in Table 1. All measured frequencies along
with a complete set of spectroscopic parameters including
centrifugal distortion constants are provided in Tables S2–S4
in the Supporting Information.

Aspirin may exist in various forms differing from each
other by the arrangements of the carboxylic and ester groups

Figure 1. The 31,2

!20,2 rotational transition for both aspirin species showing the A–E doublets because of the
internal rotation of the methyl group. Since the molecular beam and the microwave radiation travel parallel to
each other in our setup, each component appears splitted because of the Doppler effect.
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(see Table S1 in the Supporting Information). The primary
basis for the identification of the detected rotamers was the
comparison of the experimental values of the rotational
constants of Table 1 with those predicted for the nine
conformers postulated ab initio (see Table S1 in the Support-
ing Information). The experimental values are in good
agreement with those predicted for conformers 1a and 2a
(also collected in Table 1 for comparison). The fact that no mb-
type transitions were detected for rotamer I is consistent with
the very low predicted value of the mb dipole moment for
conformer 1a (mb = 0.1D). In addition, no ma-type transitions
were observed for I which is consistent with a low value of ma

dipole moment component as predicted for conformer 2a
(ma = 0.4 D). Additionally, the microwave power necessary for
the optimal polarization of the transitions of rotamers I and II
is in agreement with the predicted dipole moment compo-
nents of conformers 1a and 2a, respectively. With all this
information we identified rotamer I as conformer 1a and
rotamer II as conformer 2a. Both structures of aspirin are
rotational isomers differing in the position of the hydroxyl
group with respect to the ester group. The relative intensity
measurements performed on rotational transitions provide an
estimation of their populations in the supersonic expansion.
The experimental ratio (1a/2a = 4:1) is in accordance with the
computed energies that predict conformer 2a about 275 cm�1

above the global minimum (1a). Although considerable
efforts were made to detect other conformers of aspirin no

new sets of transitions were discovered. This can be attributed
to the much lower abundance (higher relative energy) of
these conformers in the supersonic expansion relative to the
two conformers observed in this study.

The internal rotation barrier V3 for both conformers has
been determined using the internal axis method in the form
given by Woods.[14, 15] The A–E splittings (see Tables S5–S6 in
the Supporting Information) because of the coupling of
internal and overall rotation have been used to determine the
internal rotation parameters summarized in Table 2. The
experimental values of the rotational barriers of rotamers I

Table 1: Rotational parameters for the lowest-energy conformers and the two identified forms of aspirin (top: conformer 1a; bottom: conformer 2a).

Parameter[a] Theoretical values Experimental value
Conformer 1a[c] Rotamer I[d]

A [MHz] 1136 1156.06755 (32)[e]

B [MHz] 766 762.640100 (80)
C [MHz] 506 508.955730 (60)

jma j [D][b] 1.3 in agreement with theory
jmb j [D] 0.1
jmc j [D] 1.2 in agreement with theory

Conformer 2a Rotamer II

A [MHz] 1176 1155.20533 (37)
B [MHz] 754 758.10774 (10)
C [MHz] 518 511.420721 (75)

jma j [D][c] 0.4
jmb j [D] 1.9 in agreement with theory
jmc j [D] 1.9 in agreement with theory

[a] A, B, and C are the rotational constants, ma, mb, and mc are the electric dipole moment components. [b] 1 D�3.3356 � 10�30 Cm. [c] Optimized
structures at the MP2/6-311 + + G(d,p) level of calculation (taken from Table S1 in the Supporting Information). The Cartesian coordinates of all
atoms in the principal inertial axis system for the two lowest-energy conformers are given in Table S7 in the Supporting Information. [d] The values of
the experimental rotational parameters were extracted from the fit using a Watson A-reduced semirigid rotor Hamiltonian;
(HR

(A)) = APa
2 + BPb

2 +C Pc
2�DJ P

4�DJK P2 Pa
2�DK Pa

4�2dJ P
2(Pb

2�Pc
2)�dK [Pa

2 (Pb
2�Pc

2) + (Pb
2�Pc

2)Pa
2] , where A, B, and C are the rotational constants

and DJ, DJK, DK, dJ, dK are the quartic centrifugal distortion constants. [e] The standard errors are given in parentheses in units of the last digit.

Table 2: Methyl internal rotation experimental parameters for the two
identified forms of aspirin.

Parameter Rotamer I Rotamer II

V3 [cm�1][a] 244.26 (23)[e]/300.79[f ] 191.38 (14)/269.31[g]

](i,a) [8][b] 21.6262 (63) 21.1003 (24)
](i,b) [8] 92.4822 (6) 83.0097 (8)
](i,c) [8] 68.5311 (56) 70.1958 (22)
ntorsion

[c] 107.823 (50) 95.796 (36)
s[d] 20.530 (19) 15.964 (12)

[a] V3 is the internal rotation barrier. [b] Angles between the top rotational
axe and the principal axes system. [c] Torsional frequency calculated
using the high-barrier approximation: n = 3(V3F)1/2. [d] Reduced barrier.
[e] Standard error in parentheses and in units of the last digit.
[f,g] Theoretical values of the V3 rotation barrier for conformers 1a and
2a, respectively.
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and II are also consistent with those predicted theoretically
for conformers 1a and 2a, respectively (see Table 2). The
observed values are higher than those observed for methyl,
ethyl, isopropenyl, and allyl acetates were the observed
barriers were of 99.6, 101.6, 135.4, and 98.1 cm�1.[16] The
differences can be explained taking into account how the
environment of the methyl group changes in aspirin with
respect to the aforementioned acetates.

Although the data available do not allow a detailed
investigation, simple considerations based on the experimen-
tal observations may lead to important conclusions about the
planarity of the observed conformers of aspirin. The planar
moment of inertia Pcc = (Ia + Ib�Ic)/2 = �i mi ci

2, where mi and
ci are, respectively, the mass and c coordinate of atom i, gives
the mass extension out from the ab inertial plane. For
example, salicylic[17] and benzoic acids[18] were reported to be
planar and show Pcc values of 0.127 and 0.183 u�2, respec-
tively. For a planar skeleton of aspirin only the methylic
hydrogen atoms would contribute to the planar moment as in
methylsalicylate[19] and this would give a value of Pcc close to
ICH3

=2 as determined from the internal rotation analysis. The
experimental values of the planar moments (about �53 and
�58 u�2, see Table S2 in the Supporting Information) left no
doubt that the skeleton of aspirin is nonplanar in both
observed conformers. Given the good agreement between the
observed and predicted data one can assume that the actual
structures of the observed conformers of aspirin are close to
those predicted by ab initio calculations. In these structures
the benzene ring does not maintain coplanarity neither with
the acid group nor with the acetate group. The origin of this
non-planarity of the skeleton of aspirin has been attributed on
the basis of theoretical calculations to steric repulsions.[6]

The structure of conformer 1a of aspirin shows that the
carboxyl oxygen approaches to the ester carbonyl group in a
way that resembles the B�rgi–Dunitz trajectory[20] which
describes the most favorable approach of a nucleophile (O:)
to a carbon of a carbonyl group in an addition reaction. The

same arrangement exists in conformer 2a
between the carbonyl oxygen of the ester
group and the carboxy carbon. The calcu-
lated B�rgi–Dunitz parameters are ROC =

2.75 �, q = 95.28 for conformer 1a and
ROC = 2.79 �, q = 91.48 for conformer 2a.
This arrangement is usually related to the
existence of n!p* interactions which imply
the delocalization of an electron pair of the

nucleophile (O:) into the antibonding p* orbital of the
carbonyl group. We have performed an NBO analysis[21] of
these forms of aspirin at the B3LYP/6-311 ++ G(d,p) level
that further supports the existence of this n!p* interaction.
The calculations yield stabilization energies of 12.4 kJmol�1

for conformer 1a and 8.7 kJ mol�1 for conformer 2a. We have
observed this kind of interaction in biomolecules such as 4(S)-
hydroxyproline,[22] g-aminobutyric acid,[23] and b-alanine.[24] In
a theoretical work just published on aspirin, the importance of
this interaction has been widely analysed.[25]

In summary, we report the first rotational spectra of
aspirin and conclude that aspirin is present in two dominant
conformers in the gas phase (Table 1). The experimental

results may serve as an excellent point of reference for further
structure elucidation of other related solid drugs.

Experimental Section
The rotational spectrum of aspirin was investigated by using a LA-
MB-FTMW spectrometer[7] which works in the 3–12 GHz frequency
region. Solid rod samples were made from powdered aspirin (99%,
Aldrich) and vaporized by ablation with the third harmonics of a
picoseconds Nd:YAG laser (about 15 mJ per pulse, 35 ps width
pulse). The vaporized molecules were seeded in the carrier gas (Ne:
15 bar) and expanded supersonically between the mirrors of the
evacuated Fabry–P�rot microwave resonator creating a molecular
beam. A microwave radiation pulse (0.3 ms), in the operating
frequency range of the spectrometer, was subsequently applied to
cause the macroscopic polarization of the molecules in the beam. The
immediate molecular de-excitation signal, which contains the reso-
nance frequencies corresponding to the rotational transitions, was
collected and transformed to the frequency domain spectrum by a
Fourier transform process. The spectrometer has a collinear dispo-
sition between the supersonic jet and the microwave resonator axis,
for this reason each line in the spectrum appeared as a Doppler
doublet, and the transition frequencies are calculated as the
arithmetic mean of the Doppler components. Different experiments,
at the same frequency polarization, can be phase coherently co-
added, so thousand cycles can be made for the measurements of very
weak transitions. The estimated accuracy of the frequency measure-
ments is better than 3 kHz.
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