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Sniffing out camphor: the fine balance between
hydrogen bonding and London dispersion in the
chirality recognition with a-fenchol†‡

Marı́a Mar Quesada-Moreno, §*ab Mariyam Fatima, §ac Robert Medel, §*d

Cristóbal Pérez ae and Melanie Schnell *af

Binary complexes between the chiral monoterpenoids camphor and a-fenchol were explored with

vibrational and rotational jet spectroscopy as well as density functional theory in order to explore how

chirality can influence the binding preferences in gas-phase complexes. The global minimum structures

of the two diastereomers were assigned. It is found that chirality recognition leads to different

compromises in the fine balance between intermolecular interactions. While one isomer features a

stronger hydrogen bond, the other one is more tightly arranged and stabilized by larger London

dispersion interactions. These new spectroscopic results help understand the influence of chirality in

molecular aggregation and unveil the kind of interactions involved between a chiral alcohol and a chiral

ketone with large dispersion contributions.

1 Introduction

Chirality recognition manifests itself perhaps most intuitively
in the different smells of the enantiomers of certain com-
pounds, mediated by chiral olfactory receptors in noses trained
by evolution. Among molecular examples readily discriminated
by most or all of the tested animals, including us humans,1 are
the monoterpenes carvone, limonene, and a-pinene.2 But for
the enantiomers of camphor, most tested species, including

humans,1 fail this challenge, only Asian elephants2 and mice3

were confirmed so far to succeed.
We explore here a technological alternative for the identifi-

cation of the absolute configuration of camphor vapor. This is
pursued by mixing camphor with the vapor of a second chiral
compound with a known absolute configuration, here (+)-a-
fenchol, as well as an excess of carrier gas. In this chiral tagging
approach,4 the dilute gas mixture is expanded in a supersonic
jet into vacuum, providing low internal and translational
temperatures, so that a complex between the two chiral com-
pounds is formed through collisions. Dictated by the relative
handedness of the interaction partners, diastereomeric isomers
result, which can be distinguished in principle by spectroscopy.
However, two previous attempts with this chiral tag spectro-
scopy approach failed to achieve a direct spectral differentia-
tion for combinations of camphor with a chiral hydrogen bond
donor, using electronic5 or vibrational spectroscopy.6 However,
differences in the fluorescence decay or collision-induced dis-
sociation rates were observed. In the present article, we inves-
tigate which differences in molecular interactions facilitate
spectral chirality recognition7,8 of camphor by characterizing
the complexes with a combination of vibrational and rotational
spectroscopy as well as density functional theory.

Chiral tag rotational spectroscopy was recently advanced to
not only allow qualitative identification of chemical species
from the positions of spectral lines, but to also use their relative
intensities for the accurate determination of the enantiomeric
excess of the sample. This technique got significantly enhanced
by the broadband chirped-pulse Fourier transform microwave
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(CP-FTMW) spectroscopy technique.9–12 Another complemen-
tary approach is microwave three-wave mixing, which also
relies on rotational spectroscopy combined with jet
expansion.11,12 For a recent minireview and comparison of
these two techniques, see ref. 11.

Here, we are less interested in the determination of the
enantiomeric excess of the camphor samples, but more in
better understanding the involved intermolecular interactions
and current limits of the chiral tag approach, both on the
experimental and theoretical side. Camphor and a-fenchol are
bicyclic monoterpenoids; their structural formulas and sys-
tematic names are given in Fig. 1. Both molecules are rather
large – at least according to the standards of gas-phase spectro-
scopy and theoretical chemistry – with eleven heavy, non-
hydrogen atoms, and feature low volatilities with normal boil-
ing points in excess of 200 1C, posing a challenge to detection
sensitivity. On the one hand, their shared bicyclic framework
limits the intramolecular conformational flexibility of the
respective monomers, compared to monocyclic13 and especially
acyclic monoterpenes.14 On the other hand, this also leads to
shapes and mass distributions in these molecules that are
roughly spherical. This is expected to reduce the dependence
of the rotational constants of the complex on the relative
orientation of its constituents and thus to complicate the
assignment of the observed species (along with a challenge
for chiral discrimination). The polar hydroxy and carbonyl
functional groups introduce substantial permanent electric
dipole moments – the precondition for rotational spectroscopy –
and enable the formation of a hydrogen bond as a directional
primary intermolecular interaction. This puts some constraints
on the relevant intermolecular conformational space, which
can be explored with electronic structure methods to identify
and assign the most stable isomers. In addition, the hydrogen
bond formed between the two molecules upon complex
formation allows to take advantage of the OH stretching
chromophore with vibrational spectroscopy as a complemen-
tary detection technique.

In the picture of sp2 hybridization, the carbonyl group of
camphor offers two free electron pairs for coordination, which
can be non-equivalent depending on the symmetry of the
ketone. This often energetically subtle isomerism for complexa-
tion can be used as an experimental benchmark for the
predicted energy difference of electronic structure methods

and can be tuned by modification of the donor or the acceptor
molecule.15–17 Here, we will also explore whether the preference
might be influenced by simple mirroring of either interaction
partner. Unlike chemical modifications, this does not change
the intrinsic hydrogen bond acceptor or donor quality of the
docking sites, therefore exposing geometric consequences from
secondary interactions.

In the case of camphor, hydrogen bond donors can either
approach the free electron pair adjacent to the quaternary
bridgehead carbon atom C1 or the pair near the secondary
carbon atom C3 (Fig. 1). Hydrogen bonded binary complexes of
camphor were structurally analyzed before for water,18 phenol,19

methanol,20 ethanol,20 protonated alanine,6 chloroform,19 and
cytochrome P-450cam.21 In all of these systems, a preferred
coordination of the lone pair on the side of the secondary C3 of
camphor was concluded, while also the presence of a minor
conformer on the quaternary C1 side was established for the first
five systems. The comparison with the results obtained for
chiral and bulky fenchol as binding partner will be useful to
further disentangle the different interaction contributions – an
important task on the way to get a detailed understanding of how
molecules dock.

2 Computational and
experimental methods
2.1 Computational methods

(R)-fenchol refers to (+)-(1R,2R,4S)-a-fenchol (also known as
(+)-(1R,2R,4S)-endo-fenchyl alcohol) throughout the manu-
script. (S)-fenchol was not used in our calculations or experi-
ments because it was not commercially available and is not
expected to provide additional information as only relative, not
absolute, chirality is of importance in this study. The confor-
mational landscapes of the (R)-camphor – (R)-fenchol and (S)-
camphor – (R)-fenchol complexes were explored with four
strategies. First, the program ABCluster was used to identify
suitable complex structures.22 This program uses the so-called
‘‘artificial bee colony’’ (ABC) algorithm. Using this algorithm,
the monomer structures are constrained preventing any struc-
tural rearrangements due to intermolecular interactions, which
needs to be considered when treating molecules with flexible
groups. Second, the simulated annealing conformational
search implemented in the GFN-xTB program was performed
(option –siman).23,24 For these two approaches, we used the
three different fenchol conformations25 A, B, and C as inputs in
the different conformational searches (as shown in Fig. 2).
Third, the GFN-xTB program was used again, this time with

Fig. 1 Structural formulas, systematic names, and common names of the
employed compounds.

Fig. 2 Possible conformations of the (R)-fenchol monomer.
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its driver program CREST (Conformer–Rotamer Ensemble
Sampling Tool, option –nci recommended for non-covalently
bound complexes).26 The isomers resulting from these three
automated conformational searches were further optimized
using the DFT hybrid functional B3LYP27–29 with Grimme’s
dispersion correction D330 and Becke–Johnson damping
(B3LYP-D3(BJ)) and the def2-TZVP31 basis set. The energy
values presented herein are zero-point vibrational energy cor-
rected relative energies. In parallel, a manual conformational
search was performed at this level based on chemical intuition
and systematic variation of fenchol conformers, plausible bind-
ing sites, and orientations in the input structures. More details
are provided in the ESI.‡ Structure optimizations and frequency
calculations were performed within the double-harmonic
approximation using Gaussian09 (Revision E.01)32 for B3LYP-
D3(BJ)/def2-TZVP calculations and the ORCA package33,34 for
selected isomers using B97-3c35–37 (a revised version of the well-
established B97-D functional with Grimme’s D3 dispersion
scheme) and the def2-TZVP basis set (see Section 3.3).

We used non-covalent interaction (NCI)38 plots to character-
ize the non-covalent interactions present in the complexes and
the symmetry-adapted perturbation theory (SAPT)39 approach
to gain insight into the different binding contributions (see
Section 3.4). The structures optimized at the B3LYP-D3(BJ)/
def2-TZVP level of theory were used as inputs for the SAPT(0)/
jun-cc-pVDZ computations using the Psi4 package40 and the
non-covalent interaction (NCI) plots using the Multiwfn41 and
Chimera42 software.

2.2 FTIR spectroscopy

In two separate saturators, a helium atmosphere of 1.6 bar was
enriched with the vapor pressure of fenchol and camphor at
23 1C, estimated as 0.0002 bar and 0.0005 bar, respectively,
from extrapolation of reported Antoine parameters.43 Samples
of (+)-(R)-a-fenchol (Aldrich, 98.5%) and either (+)-(R)-camphor
(Alfa Aesar, 98.1%), (�)-(S)-camphor (Aldrich, 99.1%) or race-
mic camphor (Alfa Aesar, 96.5%) were used. A reservoir was
filled with 0.75 bar of the gas from either a single saturator or
from both saturators with a 1 : 1 mixing ratio. A pulsed (2 min�1)
adiabatic expansion through a (600 � 0.2) mm2 slit nozzle was
probed by a synchronized FTIR scan. Between 300 and 450 repe-
titions were averaged for each spectrum with a 3900–2600 cm�1

range and a 2 cm�1 resolution. More information on the setup
is available in ref. 44.

2.3 Chirped-pulse Fourier-transform microwave (CP-FTMW)
spectroscopy

The broadband rotational spectra of mixtures of (R)-camphor
and (R)-fenchol as well as (S)-camphor and (R)-fenchol were
recorded with the broadband chirped-pulse Fourier-transform
microwave (CP-FTMW) spectrometer COMPACT in the fre-
quency range 2–8 GHz.45 The experimental setup is described
in detail in ref. 45. Equimolar amounts of (R)-camphor and
(R)-fenchol (RR complex) as well as (S)-camphor and (R)-fenchol
(SR complex) were mixed in two different flasks and used for
separate experiments. Custom-made sample reservoirs located

close to the valve orifice were used. The samples were heated to
50 1C to generate sufficient vapor pressure. Neon was used as
the carrier gas, with a backing pressure of 3 bar, and flowed
through the heated reservoir containing the mixture of cam-
phor and fenchol. The pulsed valve (General valve Series 9) was
operated at 9 Hz and used to supersonically expand the
molecules seeded in the carrier gas into the vacuum chamber,
where they were polarized by a microwave chirp spanning the
2–8 GHz frequency range within 4 ms. The microwave chirps
were created by an arbitrary waveform generator (AWG), ampli-
fied with a 300 W traveling wave tube amplifier and then
broadcast into the vacuum chamber using a horn antenna
where they interacted with the molecular ensemble. After the
microwave excitation pulse was stopped, the molecular signal
was collected in the time domain as a free-induction decay
(FID) and amplified with a low-noise amplifier. Fast Fourier
transformation of the FID from the time domain into the
frequency domain resulted in the rotational spectrum. The
‘‘fast frame’’ option of the digital oscilloscope was used for
these experiments.46 Eight back-to-back excitation chirps were
performed per gas pulse, and the subsequent eight FID acquisi-
tions were co-added and averaged. In this way, the measure-
ment time and sample consumption were decreased, resulting
in an effective repetition rate of 72 Hz for the experiment. The
FID was recorded for 40 ms, which generated a frequency
resolution of 25 kHz in our Fourier transformed microwave
spectrum. The number of FIDs that were co-added to obtain the
final spectra was 5 million and 7.5 million for the SR and RR
complexes, respectively.

The initial assignment of the observed experimental lines
to rotational transitions was performed through fits based on
an asymmetric rigid rotor Hamiltonian, using the JB9547 pro-
gram package. Refined fits were obtained using the AABS48–50

program suite and a standard Watson-type Hamiltonian
(A-reduction and Ir representation) by using the nonlinear
least-squares fit program SPFIT developed by Pickett.51

3 Results
3.1 Theoretical results

The camphor monomer is conformationally rigid; only one
conformer was observed in previous rotational spectroscopy
studies in the gas phase.18,52 For the fenchol monomer, the
hydroxy hydrogen atom can adopt three different local mini-
mum energy positions, resulting in the expected conformers
A, B, and C (Fig. 2). Only a single species, assigned to fenchol
A, has been detected in previous studies using rotational
spectroscopy and the cold conditions of a supersonic jet with
neon as a carrier gas.10,25 Subsequent investigation employing
FTIR and Raman jet spectroscopy and helium as carrier gas
revealed the second and third conformer.53 However, it was
concluded that the hydroxy hydrogen atom is highly deloca-
lized between positions A and B through a tunnelling inter-
action facilitated by an energetic near-degeneracy as well as a
low and narrow interconversion barrier. The difference between
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the two lowest torsional states was determined as 0.19(1) kJ mol�1,
which represents an upper bound for the difference between the
calculated hypothetical localized conformers A and B due to the
also contributing tunnelling splitting. At the here employed B3LYP-
D3(BJ)/def2-TZVP level, conformer A is calculated to be the lowest
in energy trailed by fenchol B and C with relative energies of 0.5
and 1.0 kJ mol�1, respectively. This means this level of theory
somewhat overestimates the E(B)–E(A) difference, as other tested
DFT methods do.53 In the complex with camphor, the tunnelling is
expected to be quenched.

The exploration of the shallow potential energy surface for
RR and SR complexes using the four conformational searches
(as described in Section 2.1) rendered a total of 18 and 15
isomers, respectively, with relative energies within 5 kJ mol�1.
The nomenclature of the camphor-fenchol complexes through-
out this manuscript will follow the example ‘‘RR-A-a-(I)’’, where
‘‘RR’’ refers to (R)-camphor – (R)-fenchol, ‘‘A’’ refers to the
fenchol conformer, ‘‘a’’ refers to the binding site of camphor

(Fig. 3), and (I) is related to the corresponding relative energy
ordering (Table 1). The four qualitatively different binding sites
(a–d) result from the non-equivalence of the two lone pairs of
the carbonyl oxygen of camphor and pronounced preferences
for out-of-carbonyl-plane coordination, represented by the four
quadrants of the t(C3–C2QO� � �H) dihedral angle.

The theoretical spectroscopic parameters and relative ener-
gies for the isomers with relative energies below 3 kJ mol�1 are
listed in Table 1, and their structures are shown in Fig. 4 (see
the ESI‡ for a complete list of isomers with relative energies up
to 5 kJ mol�1). The SR global minimum is 0.4 kJ mol�1 lower in
energy than the lowest-energy RR complex. In all of the energeti-
cally relevant RR and SR camphor-fenchol complexes, camphor
and fenchol interact via an O–H� � �O hydrogen bond and non-
covalent C–H� � �O and C–H� � �H–C interactions (see NCI analysis
Section for further explanations and Fig. S1, ESI‡). Isomers
without an O–H� � �O hydrogen bond are predicted to be at least
15 kJ mol�1 less stable than the global minimum structures.

The lowest-energy structures of the RR and SR complexes
involve the fenchol conformer A interacting with either (S)- or
(R)-camphor, respectively. Fenchol B appears in camphor–
fenchol complexes not lower than 2.0 (RR) and 2.6 kJ mol�1

(SR), and fenchol C is involved in isomers with relative energies
of at least 3.1 (RR) and 3.7 kJ mol�1 (SR) (see Fig. 4 and Table 1,
and the ESI‡). This amplification of the energy ordering relative
to the fenchol monomer is further discussed at the end of
Section 4.1.

3.2 FTIR spectroscopy

In the top trace of Fig. 5, an FTIR jet spectrum of (R)-fenchol
seeded in helium is shown. Two bands at 3675 and 3666 cm�1

were assigned to monomer transitions from the vibrational

Fig. 3 Schematic representation of the preferred binding sites for (R)- and
(S)-camphor.

Table 1 Computational results at the B3LYP-D3(BJ)/def2-TZVP level of theory for the lower-energy RR and SR complexes with relative energies within
3.0 kJ mol�1

RR-A-a-(I) RR-A-c-(II) RR-A-b-(III) RR-B-b-(IV) RR-B-a-(V) RR-B-a-(VI) RR-A-d-(VII)

DEa 0.0 0.7 1.3 2.0 2.4 2.8 3.0
o(OH)b 3631 3655 3606 3640 3625 3692 3647
I(OH)c 483 473 746 419 594 263 723
A/B/Cd 581.1/156.1/149.5 597.6/155.4/147.8 629.9/135.2/132.6 593.9/160.4/151.0 598.3/145.2/141.2 560.4/160.5/155.4 625.0/135.3/132.4
B–Ce 6.6 7.6 2.6 9.4 4.0 5.1 2.9
kf �0.97 �0.97 �0.99 �0.96 �0.98 �0.97 �0.99
ma/mb/mc

g 4.0/0.8/1.8 4.3/0.2/2.4 3.6/1.1/1.1 3.5/1.3/2.1 3.3/1.0/1.1 2.4/0.7/0.9 4.7/1.2/0.1

SR-A-b-(I) SR-A-d-(II) SR-A-a-(III) SR-B-b-(IV) SR-A-a-(V) SR-B-a-(VI) SR-A-c-(VII)

DEa 0.0 1.4 1.8 2.6 2.6 2.6 2.6
o(OH)b 3648 3680 3598 3652 3684 3624 3661
I(OH)c 363 385 779 429 348 539 463
A/B/Cd 598.5/161.5/152.0 581.1/163.2/153.9 600.8/135.8/131.7 615.7/148.9/146.9 562.6/153.2/148.7 575.1/154.2/146.7 590.5/149.0/143.8
B–Ce 9.5 9.3 4.1 2.0 4.5 7.6 5.3
kf �0.96 �0.96 �0.98 �0.99 �0.98 �0.96 �0.98
ma/mb/mc

g 3.5/1.1/1.9 4.3/0.5/2.2 3.7/0.5/1.1 2.8/0.5/1.8 2.4/0.6/1.0 3.8/1.3/1.6 3.8/1.3/1.6

a DE is the calculated zero-point corrected energy difference to the global minimum isomer within each diastereomeric dimer in kJ mol�1. b o(OH)
is the harmonic OH stretching wavenumber in cm�1. c I(OH) is the calculated integrated IR band strength of the OH stretching fundamental
in km mol�1 in the double-harmonic approximation. d A, B and C are the rotational constants in MHz. e B–C is the difference between the

rotational constants B and C in MHz. f k is Ray’s asymmetry parameter:
2B� A� C

A� C
. g ma (a = a, b or c) are the absolute values of the electric dipole

moment components in D.
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ground state to different torsional levels of the OH stretch
excited state.53 An intense signal downshifted at 3499 cm�1 was
attributed to the most stable dimer consisting of two (R)-
fenchol molecules with conformer A as the donor and C as
the acceptor for the hydrogen bond.53 These three fenchol
absorption bands remain visible when camphor is added. The
admixture of (S)-camphor results in an additional signal at
3517 cm�1, while in contrast the addition of (R)-camphor leads
to a band at 3504 cm�1, with signal-to-noise ratios of about 4 : 1
for both. Confirming the achieved enantiodifferentiation, the
two resolved signals are present with similar intensities when
using racemic camphor. This is a result of the widely statistical
formation of SR and RR complexes, which cannot interconvert
into each other. Signal intensities between different experi-
ments cannot be straightforwardly compared due to challenges
in reproducibly reaching the full vapor pressures. This can be
attributed to the dependence of the evaporation rate on the

changing surface area of solid compounds, which applies to
both camphor and fenchol. In addition, a control spectrum of
racemic camphor without fenchol was recorded, which was
found to be free of any detectable absorption in the OH
stretching region (not shown).

A direct comparison of the observed fundamental wavenum-
bers with the calculated harmonic predictions of mixed
fenchol–camphor dimers is not possible due to anharmonicity.
However, as applied to alcohol monomers,54 one can assume
that the OH stretching oscillators are again in similar enough
environments that the anharmonic contributions are alike and
therefore widely cancel when analyzing spectral differences.
This proved to be a successful assumption for predicting the
extent to which different alcohols, including fenchol, show
spectral chirality recognition with a-pinene, also using B3LYP-
D3(BJ).55 Accordingly, the observed downshift of 13 cm�1 upon
switching from (S)- to (R)-camphor is in good agreement with
the predicted one of 17 cm�1 between the global minimum
structures SR-A-b-(I) and RR-A-a-(I) (Table 1). Considerably less
likely, but not entirely unreasonable, would be alternative
assignments to the two second lowest-energy isomers SR-A-d-
(II) and RR-A-c-(II) (with an energetic disadvantage of 1.4
and 0.7 kJ mol�1, respectively) with a calculated downshift of
25 cm�1 between them. This alternative assignment can be
ruled out with microwave spectroscopy (vide infra).

3.3 Chirped-pulse Fourier transform microwave (CP-FTMW)
spectroscopy

The top traces of Fig. 6(a–d) show several sections of the
experimental broadband rotational spectra of the (R)-camphor
– (R)-fenchol (RR) (Fig. 6a and b) and (S)-camphor – (R)-fenchol
(SR) complexes (Fig. 6c and d) recorded in the 2–8 GHz region.
The bottom traces correspond to simulations based on an
asymmetric-top Hamiltonian using the experimentally deter-
mined rotational constants for the complexes. In Table 2, these

Fig. 4 Molecular structures and zero point corrected relative energies (DE, kJ mol�1) of the most stable RR and SR isomers calculated at the B3LYP-
D3(BJ)/def2-TZVP computational level.

Fig. 5 FTIR jet spectra of (+)-(R)-fenchol in helium without and with
admixtures of camphor in different enantiomeric compositions.
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experimental rotational constants are summarized, whereas
those computed at the B3LYP-D3(BJ)/def2-TZVP level of
theory are given in Table 1 for the lowest-energy isomers
(r3 kJ mol�1).

Only one isomer for each RR and SR complex was identi-
fied under the cold conditions of the supersonic expansion
using neon as a carrier gas. Their spectra are quite weak, with

signal-to-noise ratios of around 11 : 1 (RR) and 13 : 1 (SR) for the
most intense transitions. Consequently, we could not observe
rotational transitions corresponding to singly substituted 13C
isotopologs of these complexes in natural abundance, which
would have provided us with the experimental structures of the
complexes. Instead, our structures were identified through
comparison of the rotational parameters with the results from

Fig. 6 Sections of the broadband rotational spectra of RR (a and b) and SR (c and d) camphor-fenchol complexes. The upper traces depict the
experimental spectra, while the lower traces are simulations of the experimentally identified complexes based on fitted rotational parameters (Table 2)
using the corresponding rotational partition functions at 1.0 K. Some intense monomer transitions have been removed for the sake of clarity.

Table 2 Comparison between experimental and theoretical (B3LYP-D3(BJ)) spectroscopic constants of the assigned RR and SR complexes

Exp. RR Theor. RR-A-a-(I) Exp. SR Theor. SR-A-b-(I)

A (MHz)a 580.77281(19)f 581.1 597.58944(23) 598.5
B (MHz) 153.464146(55) 156.1 159.011164(60) 161.5
C (MHz) 146.840175(55) 149.5 149.704572(60) 152.0
B–C (MHz) 6.623971(55) 6.6 9.306592(60) 9.5
kb �0.97 �0.97 �0.96 �0.96
DJ (kHz) 0.008025(55) 0.006800 0.007228(61) 0.006593
DJK (kHz) 0.03078(89) 0.016765 0.0113(15) 0.004353
DK (kHz) �0.0208(20) �0.007785 - 0.000385
dJ (kHz) �0.000259(43) 0.000180 0.000314(46) 0.000368
a/b/cc 131/108/155 - 132/63/101 -
Nd 394 - 296 -
s (kHz)e 7.1 - 7.8 -

a A, B, and C are the rotational constants; DJ, DJK, DK and dJ are the quartic centrifugal distortion constants. b k is Ray’s asymmetry parameter:
2B� A� C

A� C
. c a, b, and c are the type of transitions observed. d N is the number of fitted transitions. e s is the root-mean square deviation of the fit.

f 1s standard error in parentheses in units of the last digit.
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quantum–chemical calculations. The different relative orienta-
tions of camphor and fenchol cause only small changes in the
mass distribution of the complexes due to their roughly sphe-
rical shapes. For this reason, the predicted rotational constants
for the different RR and SR isomers are quite similar (Table 1).
This complicates an assignment based on the rotational con-
stants alone. However, their electric charge distributions
change with the different arrangements within the complexes
(see Table 1), resulting in differences in the permanent electric
dipole-moment components. In all the predicted complexes, ma

is the largest dipole moment component, whereas the mb : mc

ratio varies, which can be used as a guide for the assignment.
In the CP-FTMW experiment, the intensities of rotational

transitions depend on the square of the respective dipole-
moment components.56 The experimentally determined RR
and SR complexes showed a-, b-, and c-type rotational transi-
tions, with their experimental relative intensities leading to an
ordering of the magnitudes of the dipole-moment components
of ma 4 mc 4 mb for both diastereomers. Additionally, the mb

value is approximately half of the mc value for both RR and SR
(Fig. 6a and c). This ratio was obtained using the following
procedure with the PGOPHER57 and SPCAT programs, based on
the experimental rotational constants: We systematically intro-
duced different mb and mc values in these programs, resulting in
simulated rotational spectra with different intensities for the b-
and c-type rotational transitions. These simulated intensities
were then compared with those of the experimental rotational
spectra (see Fig. 6a and c), and the best correspondence was a
mb : mc ratio of 1 : 2 in both RR and SR complexes. The simula-
tions of the rotational spectra were made using the corres-
ponding rotational partition functions at 1.0 K (see below),
which resulted to be the temperature that best resembled the
overall intensity patterns.

The comparison of the predicted and experimentally
observed transition intensities for the RR complex indicates
that either RR-A-a-(I), RR-B-b-(IV) or RR-B-d-(XVI) could be the
isomer present in our experiment. The agreement between the
experimental and calculated (B3LYP-D3(BJ)/def2-TZVP) rota-
tional constants is better for RR-A-a-(I) and RR-B-d-(XVI) than
for RR-B-b-(IV). Relative values, such as the differences between
the B–C rotational constants, are often predicted better by
quantum-chemical computations than absolute values. The
B–C difference for the RR-A-a-(I) isomer (6.6 MHz), which is
calculated to be the global minimum, agrees up to the first
decimal digit with the experimental value. In contrast, those
calculated for RR-B-b-(IV) and RR-B-d-(XVI) are 9.4 MHz and
10.7 MHz, respectively. All these observations, together with the
predicted higher relative energy (4.5 kJ mol�1) for RR-B-d-(XVI),
point to the presence of RR-A-a-(I) in our experiment. We also
performed a re-optimization of the four lowest-energy isomers
(o2 kJ mol�1) and RR-B-d-(XVI) at the B97-3c/def2-TZVP level
to evaluate the robustness of the relative energy values. The
B97-3c approach is also a recommended functional to treat
non-covalent interactions.37,58 The calculations using B97-3c/
def2-TZVP gave similar results as using B3LYP-D3(BJ) in
terms of the relative energies and dipole moment components.

RR-B-d-(XVI) is predicted to be even higher in energy
(5.7 kJ mol�1) by B97-3c than by B3LYP-D3(BJ) (4.5 kJ mol�1),
thereby further strengthening our assignment to RR-A-a-(I).

The assignment of the SR complex is more straightforward.
The molecular parameters of SR-A-b-(I), the calculated global
minimum, agree the best with the parameters of the experi-
mentally observed SR diastereomer in terms of rotational
constants, B–C difference, and the observed transition inten-
sities. Note that also other isomers of somewhat higher relative
energy agree quite well with the experimental values, such as
SR-A-c-(VII). It shows good agreement with the experimental
isomer in terms of the dipole-moment components, but its B–C
difference is only 5.3 MHz compared to the experimental B–C
value (9.3 MHz) and 9.5 MHz for SR-A-b-(I). SR-B-a-(VI) shows a
predicted ordering of ma 4 mc 4 mb, but their calculated
rotational constants agree less with the experimental ones than
those of SR-A-b-(I). SR-B-a-(VI) and SR-A-c-(VII) are 2.6 kJ mol�1

higher in energy than SR-A-b-(I). Like in the RR case, we also
reoptimized these three isomers at the B97-3c/def2-TZVP level
of theory, and SR-B-a-(VI) and SR-A-c-(VII) turned out to be
3.4 kJ mol�1 higher in energy than SR-A-b-(I) at that level of theory.

As mentioned above, the simulations of the rotational
spectra were made using the corresponding rotational partition
functions at 1.0 K. Using the predicted dipole moment compo-
nents for RR and SR (Table 1), the agreement between the
simulated and experimental rotational spectra is acceptable
considering that the intensities are also affected by the non-
linear response of the microwave electronics, especially the
high-power amplifiers. The largest disagreements appeared for
the a-type transitions (Fig. 6, panels b and d). This can be
rationalized considering that these discrepancies might be
caused by the large magnitude of ma. This has most likely led
to an overdriving of the a-type transitions through the popula-
tion transfer phenomenon that affects the intensities. In the
work on benzonitrile,45 it was demonstrated that this effect
takes place for a molecule with a 4 D dipole moment. Alto-
gether, it can be concluded that the experimental intensities are
satisfactorily reproduced by the simulations.

4 Discussion
4.1 Isomerism

Strikingly, the global minima were only identified by two of the
four employed conformational search procedures, namely by
the manual approach and by the GFN-xTB program with its
CREST driver. This highlights the importance to check and
rationalize the results of automatic procedures. Otherwise, one
risks misassignments for isomers with similar spectroscopic
properties, such as the ones investigated here. Automatic
search algorithms can be considered at this time as a valuable
supplement but not yet a reliable substitute for the chemist’s
intuition in combination with a systematic conformational
evaluation. Structure generation from experimental data of rare
isotopologs59–62 or using isotopic enrichment18,59,61,62 is a
powerful alternative to solve difficult cases.63 However, for
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weakly bound complexes consisting of larger molecules,
as presented in the present work, the signal-to-noise ratios
of the corresponding rotational transitions are often not
sufficient to detect rare isotopologs in natural abundance,
and isotopically enriched samples can be expensive or not
available.

In the two most stable RR and SR complexes, independently
assigned with vibrational and rotational spectroscopy, camphor
is coordinated on the free electron pair on the secondary C3
side. This resembles previous findings with other hydrogen
bond donors. However, it is notable that (R)-fenchol shows a
binding preference to two different camphor sites depending
on camphor’s absolute handedness (a for RR and b for SR). For
both enantiomer combinations, the second most stable isomer
is predicted to feature a coordination with the alternative free
electron pair with an energy disadvantage of 0.7 (RR) and
1.4 kJ mol�1 (SR), indicating some impact of relative chirality
on this balance. A more pronounced analogous effect in the
camphor complex with protonated alanine was used to explain
the observed difference in the fragmentation rate.6 Due to the
limited low signal-to-noise ratios, we can only assess rough
lower bounds for these energy differences in camphor –
fenchol. Based on the signal-to-noise ratios in the FTIR spectra,
calculated IR activities and an assumed conformational Boltz-
mann temperature of 60 K (as a typical value for a low-barrier
situation in a helium expansion)64,65 we estimate an energy
difference of at least 0.7 kJ mol�1 for both RR and SR. The
predictions are therefore compatible with the non-observation
of these isomers. If one instead assumes that the relaxation was
hindered, i.e., a conformational freezing temperature of more
than 100 K, one would expect more than one isomer to be
detectable (or none at all in the case of mostly statistical
formation with associated intensity dilution). The observation
of only a single structure each suggests that even two rather
large molecules can efficiently obtain their preferred docking
orientation in a supersonic jet.

In both global minima, fenchol adopts the A conformation.
This result resembles the one of an FTIR spectroscopy study on
the fenchol – a-pinene complex,55 in which fenchol was also
found in the A arrangement for all three assigned isomers.
Fenchol C is less energetically stable in these complexes
because its hydroxy group points towards the hydrogen atoms
of the bicyclic methylene groups, which apparently hinders its
approach to a hydrogen bond acceptor (Fig. 2). It is interesting
that when fenchol interacts with water,66 in contrast only the
C conformer was observed experimentally. Here, water acts as
the hydrogen bond donor, whereas fenchol is instead the
hydrogen bond acceptor. This preference was attributed to
the orientation of the hydroxy group in fenchol C, which grants
the formation of two intermolecular interactions between water
and the two geminal methyl groups of fenchol. These two
interactions cannot be formed for fenchol A interacting with
water, since the OH points towards these geminal methyl
groups. However, we note that this reasoning does not explain
the preference of fenchol C over B, which permits equivalent
interactions.

4.2 Non-covalent interactions and energy decomposition
analyses

The non-covalent interaction (NCI) analysis provides a visuali-
zation and characterization of the different interactions present
in the camphor-fenchol complexes as hydrogen bonds (strong
attraction, blue color), van der Waals (weak attraction, green
color), and steric (strong repulsion, red color) interactions
(Fig. 7). The NCI plots of the camphor–fenchol complexes
below 2 kJ mol�1 are quite similar. In Fig. 7 we show the results
for the two global minima (RR and SR) as representative
examples (see ESI‡ for more complexes). In order to facilitate
the following discussion, the naming scheme of RR-A-a-(I) and
SR-A-b-(I) is reduced to RR and SR, respectively. Camphor and
fenchol are linked via an Ocamphor� � �H–Ofenchol (1.91 Å for RR
and 1.94 Å for SR) hydrogen bond, as stated before, and also
through two Ocamphor� � �H–Cfenchol (2.87 Å for RR and 2.95 Å for
SR), one C–Hcamphor� � �Ofenchol (2.88 Å for RR and 2.65 Å for SR),
and multiple C–Hcamphor� � �H–Cfenchol (2.21–3.12 Å for RR and
2.42–2.97 Å for SR) contacts (Fig. S1, ESI‡). The monomers are
further stabilized by intramolecular O� � �H–C and C–H� � �H–C
interactions. Despite the difference that (R)-fenchol links to (R)-
or (S)-camphor via the respective ‘‘a’’ or ‘‘b’’ arrangement, the
interactions that they establish appear qualitatively similar. As
pointed out in Section 3.1, the energy difference between the RR
and SR global minima is just 0.4 kJ mol�1, which can be
assumed to be isoenergetic considering the uncertainties of
the quantum-chemical calculations. Because the interconver-
sion between SR and RR isomers is not feasible, their energy
sequence is not plumbable with our experimental techniques,
but could in principle be investigated by the measurement and
comparison of their dissociation energies.67 However, the small
difference and the lack of a UV chromophore pose challenges.

Fig. 7 Non-covalent interaction (NCI) representations for the lowest-
energy RR and SR complexes. Blue color shows strong attractive interac-
tions, green represents weak attractive interactions such as dispersion, and
red indicates repulsive interactions.
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Symmetry-adapted perturbation theory (SAPT) computations
were performed for quantitative insight into the different
binding contributions to the dissociation energies. In Table 3,
the results of SAPT(0)/jun-cc-pVDZ calculations are summar-
ized for the camphor-fenchol complexes below 2 kJ mol�1. RR-
A-a-(I) and SR-A-b-(I) present the highest total interaction
energy values, which further supports – together with the
statements made in Sections 3.2. and 3.3. – their assignments
as the experimentally observed isomers.

Some interesting differences in the composition of the
interactions between isomers are revealed. SR-A-b-(I) draws its
energetic advantage mainly from the overall highest dispersion
interaction, while the electrostatic and inductive contributions
are only of medium size when compared to other isomers such
as RR-A-b-(III) and SR-A-a-(III). In contrast, the dispersion
contribution for RR-A-a-(I) is slightly smaller than that for SR-
A-b-(I), which correlates with its three rotational constants
being smaller than those of SR-A-b-(I), reflecting a less compact
mass distribution. In return, RR-A-a-(I) has slightly larger
electrostatic and inductive contributions than SR-A-b-(I), which
could indicate a stronger hydrogen bond than in SR-A-b-(I).
This is supported by the sequences of the calculated and
observed OH stretching wavenumbers as well as of the calcu-
lated infrared activities (Table 1). The achieved enantiodiffer-
entiation with vibrational spectroscopy in the OH stretching
region is ultimately enabled by this difference in hydrogen
bond strength. It can be also rationalized on structural terms.
Geometric parameters, which were found to correlate with
differences in OH stretching wavenumbers between isomers
of alcohol-ketone complexes, are the hydrogen bond donor
attack angle to the carbonyl group a(C2QO� � �H) and the out-
of-carbonyl-plane dihedral angle t(C3–C2QO� � �H).15–17 One
might amend this with the hydrogen bond linearity angle
b(O� � �H–O).68 In RR-A-a-(I), the values of all three angles are
closer to their assumed respective optima (a = 1201, t = 01/1801,
b = 1801) than in SR-A-b-(I). The stronger hydrogen bond is also
reflected by a shorter O� � �H interaction distance and a longer
H–O covalent bond in RR-A-a-(I). Details are given in Table S4 in
the ESI.‡

Two isomers, for which the hydrogen bond strength is
maximized, are RR-A-b-(III) and SR-A-a-(III). Their respective
hydroxy hydrogen atom is close to the carbonyl plane, and their

hydrogen bond angles are not far from linearity. This arrange-
ment closely resembles the main isomer of the camphor–water
complex.18 However, this geometry increases the distance
between the hydrocarbon frameworks of the two molecules.
This is of little concern for water, but strongly reduces the
dispersion interaction for alcohols, so that a better compromise
structure is realized already for the smallest alcohol
methanol.20 One isomer on the other end of such a trade-off
is SR-A-d-(II) with an especially weak hydrogen bond but strong
dispersion attraction and low exchange repulsion. Interest-
ingly, the latter is very uniform for the other low-energy
isomers.

An interesting comparison can be made with the series of
camphor–H2O,18 -methanol (MeOH)20 and -ethanol (EtOH)20

complexes, whose SAPT energies were also computed at the
SAPT(0)/jun-cc-pVDZ level. Camphor–fenchol shows the high-
est total interaction energies, followed by the other complexes,
i.e., camphor–EtOH, –MeOH, and –H2O, which have compar-
able values. This is primarily due to the additional dispersion
interactions (O� � �H–C and C–H� � �H–C) that further stabilize
the structures of the camphor–fenchol complexes. It can be
observed how the share of the dispersion contributions pro-
gressively increases with the size of the alcohol partner (see
Table 3). This finding also ensued in a recent study on
diadamantyl ether (DAE)-alcohol aggregates with increasing
side-chain length.69

5 Conclusions

We presented a vibrational and rotational spectroscopic study
of mixed dimers between either of the two enantiomers of
camphor with (R)-fenchol, supported by quantum-chemical
calculations. The global minimum of each stereoisomer was
experimentally identified under the cold conditions of super-
sonic jets. Both (R)-camphor and (S)-camphor coordinate to (R)-
fenchol via the free electron pair on the secondary C3 side,
while (R)-fenchol shows a binding preference to two different
camphor sites depending on camphor’s absolute handedness.
In both complexes, the two monoterpenoids interact via an
O–H� � �O hydrogen bond and non-covalent C–H� � �O and
C–H� � �H–C interactions. Non-hydrogen bonded clusters are
not observed and are predicted to have much higher relative
energies. The SR isomer features larger London dispersion
contributions than RR, which correlates with a more compact
structure and larger rotational constants. In contrast, the RR
isomer has slightly larger electrostatic and inductive contribu-
tions than SR; this difference in the hydrogen bond strength
and thus OH stretching fundamental wavenumber allowed the
discrimination of the camphor enantiomers in the complex
with fenchol by vibrational spectroscopy. This work illustrates
how chirality can dictate binding preferences in the gas phase
and could contribute to the understanding of its influence
in molecular aggregation. It may also help to understand at
least qualitatively why olfactory discrimination of camphor

Table 3 SAPT(0) energies for the RR and SR complexes below 2.0 kJ mol�1

and comparison with the SAPT(0) energies for related complexes.18,20 The
energies are given in kJ mol�1

DEelect DEind DEdisp DEexch DEtot

RR-A-a-(I) �47.8 �16.3 �32.5 56.5 �40.1
RR-A-c-(II) �47.6 �15.9 �33.3 57.3 �39.4
RR-A-b-(III) �51.8 �17.0 �27.5 56.8 �39.4
RR-B-b-(IV) �44.2 �15.2 �34.3 56.1 �37.6
SR-A-b-(I) �46.8 �15.0 �35.1 56.5 �40.4
SR-A-d-(II) �43.9 �14.2 �34.7 53.3 �39.6
SR-A-a-(III) �52.4 �17.2 �26.1 56.3 �39.3
Camphor–H2O �49.2 �14.6 �11.6 43.6 �31.8
Camphor–MeOH-I �45.8 �14.1 �14.3 44.2 �30.0
Camphor–EtOH-I �47.4 �14.3 �18.6 47.2 �33.1
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enantiomers has been challenging for evolution. Or perhaps
there was simply no important driving force.
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