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A B S T R A C T   

The rotational spectrum of the (1R)-(-)-nopol monomer has been observed in the 6–18 GHz region using CP- 
FTMW spectroscopy. Transitions of two distinct conformers of the parent isotopologue have been observed 
and assigned. Density Functional Theory (DFT) calculations performed on the monomer predict nine distinct low- 
energy heavy atom geometries. The differences between these structures are attributed to changes in the 
orientation of two dihedral angles in the heavy atom R-CH2CH2OH functionalization, where R refers to the fixed 
bicyclic cage component of the molecule. Further optimization of these geometries found 27 distinct conformers 
associated with the hydroxyl hydrogen orientation. The rotational constants of the two lowest energy conformers 
were found to be in good agreement with the experimental constants of the two observed conformers and the 
predicted dipole moment components agree with the relative intensities of the observed transitions.   

1. Introduction 

Monoterpenes [1–3],and their bicyclic [4–14] constituents, are a 
flourishing area of research in molecular spectroscopy. In part this is due 
to their important role as volatile organic compounds (VOCs) in the 
environment and their use in the food [15], fragrance [16] and phar
maceutical [17,18] industries. However, from a strictly spectroscopic 
viewpoint, this classification of molecules commonly has chiral features 
making them interesting systems for studying molecular structure 
[4,6–12] and gas phase intermolecular interactions [19–22]. In recent 
years, small chiral molecules have also served as test systems for inno
vative chiral tagging [23–25] and three-wave mixing [23,26–29] tech
niques. Accordingly, collecting spectroscopic data from a wide variety of 
chiral monomers will increase the available knowledge across multiple 
areas of interest. 

Of fundamental interest to the current work, the analysis of the 
rotational spectra of small chiral molecules can give valuable insight 

into chemical structure and, by extension, an understanding of chemical 
interactions and function. For example, previous quantum chemical 
calculations and their comparison to experimental microwave spec
troscopy data for the verbenone [12] and myrtenol [13,14] monomers 
have shown the bicyclic cage component in this class of molecules to be 
resistant to conformational change under the conditions of a pulsed 
molecular beam. However, extending functionalization off a bicyclic 
cage (R) like that of verbenone (R-CH3) to make myrtenol (R-CH2OH) 
was found to introduce conformational forms external to the cage 
structure. Namely in myrtenol, three low energy conformers associated 
with the heavy atom oxygen orientation were observed [13,14] along 
with a fourth conformer related to a unique higher energy hydroxyl 
orientation [14]. The current study looks to continue this work by 
extending the carbon chain functionalization off of the bicyclic cage to 
that of the nopol monomer, as shown in Fig. 1. 
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2. Computational methods and results 

A probe of the structural conformations in the nopol monomer was 
performed using the Becke 3-parameter exchange, the correlation in

teractions of Lee, Yang, and Parr (B3LYP) [30,31] and the Dunning’s 
correlation consistent n-tuple ζ basis set, cc-pVDZ [32]. This analysis 
found nine conformers associated with the three preferred orientations 
of each of two unique heavy atom dihedral angles in the R─CH2CH2OH 
functionalization, namely ∠C1C2C3C4 (I ≈ −12◦, II ≈ 120◦, III ≈ 0◦) and 
∠C2C3C4O (A ≈ 180◦, B ≈ 60◦, C ≈ −60◦) as shown in Fig. 2. 

The nine heavy atom structures were then further investigated for 
hydroxyl orientation using a third dihedral angle, ∠C3C4OH (1 ≈ 180◦, 2 
≈ 60◦, 3 ≈ −60◦). The resulting optimized conformers were labelled IA1 
through IIIC3 according to the general magnitude associated with each 
of the three dihedral angles: ∠C1C2C3C4 labelled I–III, ∠C2C3C4O 
labelled A–C, and ∠C3C4OH labelled 1–3. In total 27 low energy con
formers were obtained. The optimized parameters that are relevant to 
the current study can be found in Tables 1–3 and the cartesian co
ordinates along with an image of each optimized geometry can be found 
in the supplementary materials. All calculations were performed using 
the Gaussian 16 (G16W) [33] program package on the high- 
performance computing cluster at Missouri University of Science and 
Technology. 

Fig. 1. Structural formulas for a series of bicyclic monoterpenes highlighting the increasing functionalization extending off the cage structure.  

Fig. 2. Structural formula for the (1R)-(-)-nopol monomer with the carbon 
atoms labelled to highlight the conformational dihedral angles. 

Table 1 
Rotational constants, select dihedral angles, dipole moments and relative energies of nopol conformers IA1-IC3 calculated at the B3LYP|cc-pVTZ level of theory.  

Conformer IA1 IA2 IA3 IB1 IB2 IB3 IC1 IC2 IC3 

A [MHz] 1633 1638 1634 1616 1600 1660 1485 1500 1484 
B [MHz] 562 558 560 627 632 624 674 667 668 
C [MHz] 527 525 526 603 610 600 614 615 609 
∠C1C2C3C4 [◦] −109.7 −108.7 −108.9 −115.2 −115.3 −103.3 −104.7 −100.3 −104.5 
∠C2C3C4O [◦] −175.7 −179.3 −174.2 64.2 56.6 63.9 −65.8 −62.9 −63.7 
∠C3C4OH [◦] −179.1 64.5 −63.5 −177.7 50.5 −46.6 175.8 72.1 −67.1 
µa [Debye] −0.36 1.53 0.84 0.51 −0.17 2.03 1.36 1.10 −0.20 
µb [Debye] 0.07 0.85 1.25 −1.35 −0.22 0.36 0.51 −1.12 −0.15 
µc [Debye] −1.47 0.22 −0.34 −0.37 −1.32 0.34 −0.50 −0.29 1.35 
ΔE [cm−1] 475 461 406 654 482 0 623 523 681  

Table 2 
Rotational constants, select dihedral angles, dipole moments and relative energies of nopol conformers IIA1-IIC3 calculated at the B3LYP|cc-pVTZ level of theory.  

Conformer IIA1 IIA2 IIA3 IIB1 IIB2 IIB3 IIC1 IIC2 IIC3 

A [MHz] 1512 1507 1509 1354 1350 1356 1415 1423 1403 
B [MHz] 617 617 615 792 788 785 729 725 734 
C [MHz] 548 547 547 649 646 645 649 650 649 
∠C1C2C3C4 [◦] 110.5 110.2 110.0 105.0 105.1 101.9 113.7 108.8 115.7 
∠C2C3C4O [◦] 175.5 173.9 179.0 65.4 63.1 63.4 −66.9 −65.8 −60.7 
∠C3C4OH [◦] 178.8 63.3 −63.8 −177.8 66.3 −75.5 175.3 50.9 −53.7 
µa [Debye] 0.73 −0.84 −1.35 −1.20 0.68 −1.19 −0.46 −1.84 0.35 
µb [Debye] 1.06 −1.13 0.10 0.01 0.81 0.92 1.02 −0.50 −1.26 
µc [Debye] 0.82 −0.65 1.11 0.92 −0.96 0.70 −0.94 0.75 0.50 
ΔE [cm−1] 508 443 491 547 595 562 590 76 487  
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3. Experimental methods and results 

The experimental spectrum presented in this work was collected 
using the Grubbs Laboratory’s chirped-pulse Fourier transform micro
wave (CP-FTMW) spectrometer located at Missouri University of Science 
and Technology. The technical details and a description of this in
strument’s operation are available in the literature [34,35]. 

The experimental spectrum was compiled using three 4.75 GHz scans 
effectively covering the 6–18 GHz region. Each scan was performed with 
a gas pulse rate of 5 Hz and five 4 μs linear frequency sweeps (chirps) per 
gas pulse. The free induction decays (FIDs) of each excitation event were 
sampled at a rate of 100 GSa/s for 20 μs. The FIDs were Fourier trans
formed using a Bartlett windowing scheme [36], resulting in observed 
linewidths (FWHM) between 65 and 100 kHz. Each 4.75 GHz scan was 
averaged over a minimum of 100 k FIDs. 

A sample of 98 % (1R)-(-)-nopol (C11H18O, 166.6 g/mol) was pur
chased from Sigma-Aldrich and used without alteration. A modified 
heated nozzle assembly [13,37] was used as part of the molecular source 
for the supersonic expansion. This assembly allowed a small volume of 
the viscous liquid to be held in a 70 ◦C sample reservoir just prior to the 
pulsed solenoid valve. 40 psi (2.8 bar, 275 kPa) of argon was used as a 
carrier to drive the gas expansion. The resulting spectrum can be seen in 
Fig. 3. 

The frequencies of the observed lines were determined using Kisiel’s 
Assignment and Analysis of Broadband Spectra (AABS) [38,39] program 

package. Transitions associated with two distinct species, labelled Exp1 
and Exp2 after the total number of assigned transitions, can be seen in 
Fig. 3. A total of 435 unique lines were assigned; 258 to Exp1 and 177 to 
Exp2. The lines assigned to each conformer were a combination of high 
intensity a-type and moderate to weak b- and c-type transitions. When 
fitting the spectrum of species Exp1, six of the experimentally observed 
lines were fit as weighted pairs of transitions, giving 264 total assign
ments in the final fit. Each of these weighted cases were associated with 
pairs of higher K transitions and the weighting factor was chosen such 
that the calculated frequency agreed with the observed frequency. This 
same process was used for 4 experimental lines when fitting Exp2, giving 
181 total assignments. An example of one of the weighted assignments 
can be found in Figure S1 of the supplementary materials. A list of all the 
assigned transitions for each species has also been included in the sup
plementary material. 

All spectroscopic fits were performed using a Watson S Hamiltonian 
[40] in the prolate Ir representation and Pickett’s SPFIT/SPCAT [39,41] 
program package. For species Exp1, three rotational constants and five 
quartic centrifugal distortion constants were used to fit the 264 assigned 
transitions. While in the case of Exp2, the d2 distortion constant was not 
included in the final analysis as its inclusion did not improve the fit and 
resulted in d2 having a standard error approximately equal to its fit 
value. For both species, all assigned transitions had obs-calc frequency 
differences that were within 3σrms of the observed frequency and their 
calculated frequencies were all within the full width at half maximum 

Table 3 
Rotational constants, select dihedral angles, dipole moments and relative energies of nopol conformers IIIA1-IIIC3 calculated at the B3LYP|cc-pVTZ level of theory.  

Conformer IIIA1 IIIA2 IIIA3 IIIB1 IIIB2 IIIB3 IIIC1 IIIC2 IIIC3 

A [MHz] 1779 1780 1781 1709 1708 1655 1808 1807 1803 
B [MHz] 532 529 529 592 589 610 581 584 580 
C [MHz] 503 501 501 578 576 590 551 557 551 
∠C1C2C3C4 [◦] −0.4 −1.3 0.4 −5.0 −4.1 9.9 6.1 −11.9 5.1 
∠C2C3C4O [◦] −179.9 177.5 −177.2 69.8 64.6 67.4 −69.9 −66.7 −64.3 
∠C3C4OH [◦] 179.9 64.5 −64.6 179.1 55.6 −53.6 −178.9 51.8 −53.7 
µa [Debye] −0.02 1.09 −1.40 1.13 0.50 1.70 0.74 −1.98 0.50 
µb [Debye] 1.10 −0.43 −0.70 0.55 −1.13 0.90 −0.83 0.33 1.02 
µc [Debye] 0.64 −1.21 0.69 −0.75 0.94 0.58 0.88 −0.45 −1.08 
ΔE [cm−1] 595 603 607 792 732 424 826 384 750  

Fig. 3. The rotational spectrum from 6 to 18 GHz. The upper trace is the full experimental spectrum. The lower trace contains the lines assigned to two experimental 
conformers of nopol; Exp1(blue) and Exp2(red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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intensity of the observed frequency. The output of the final fit for each 
species was processed using PIFORM [39] to get the standard errors 
associated with each parameter. The values of the spectroscopic pa
rameters, number of transitions, and root mean square residuals (σrms) 
associated with each observed species can be found in Table 4. Copies of 
the Pickett input files (.par) and the outputs from PIFORM for each 
species can be found in the supplementary material. 

4. Discussion 

A full experimental determination of the structures associated with 
Exp1 and Exp2 is not possible from the parent isotopologue data con
tained in the current spectrum. However, a comparison to the geome
tries predicted by theory can give a strong argument for the identity of 
the two observed species. When comparing the experimental rotational 
constants of the two observed conformers to those of the 27 optimized 
geometries, it can be seen that the constants of Exp1 correlate well with 
those predicted for the heavy atom structure associated with the IIC 
conformers, and the constants of Exp2 agree with those predicted for the 
IB conformers. The constants and the percent errors between the 
experimental and theoretical rotational constants can be found in Ta
bles 5 and 6. 

In contrast to the low percent errors associated with the IIC to Exp1 
assignment, comparisons between Exp1 and the other 8 heavy atom 
orientations (24 total conformers) resulted in percent errors for at least 
one rotational constant in the range of 6.4 to 28.4 %. Similarly, com
parisons between Exp2 and the 8 heavy atom geometries other than IB 
gave percent errors for at least one rotational constant between 4.0 and 
24.6 %. Given the rigor of the computational methods employed, 

percent errors in the 4 to 28 % range must be the result of large 
conformational differences in the heavy atom structure, while the errors 
reported for the Exp1 to IIC (Table 5) and Exp2 to IB (Table 6) assign
ments can reasonably be attributed to variances in the hydroxyl proton 
position and the differences between the observed r0 structures to the 
predicted re geometries. 

Although rotational constants alone allow for the general assignment 
of the heavy atom positions in Exp1 and Exp2, they are insufficient to 
definitively determining the orientation of the hydroxyl proton. The 
predicted projections of the dipole moments and the calculated energy 
differences in the optimized geometries can be used to further refine the 
conformational assignments of Exp1 and Exp2. Although minimal dif
ferences in the rotational constants of IIC1 – IIC3 are predicted, the IIC2 
geometry was calculated to be both lower in energy (−411 cm−1) and to 
have dipole moment projections that are unique when compared to 
those of IIC1 and IIC3. These unique dipole moment projections agree 
with the qualitative trends observed for the transition intensities in the 
Exp1 spectrum. When comparing the IB conformers to Exp2, it was 
found that the global minimum geometry, IB3, was significantly lower 
(−482 cm−1) in energy. Additionally, IB3 had dipole moments that 
agreed with the observed transition intensities of Exp2 and were unique 
from those of IB1 and IB2. 

The good agreement between the experimental and theoretical 
rotational constants, the calculated energies of the optimized geome
tries, and the alignment between the predicted dipole moments and the 
observed transition intensities, strongly supports the assignment of the 
two species observed in the nopol spectrum to IIC2/Exp1 and IB3/Exp2. 
Structures of these two conformers can be found in Fig. 4. 

The analysis of the myrtenol [14] monomer determined that the 
molecule preferred a structure similar to the skew-gauche conformation 
observed for ally alcohol [42,43], where the hydroxyl proton orients 
towards the π electron density of the carbon–carbon double bond. Pre
sumably, this configuration allows for long-range indirect hydrogen 
bonding interactions that account for the stabilization Neeman et al. 
calculated between the minima conformers Ia and IIa and their corre
sponding higher energy hydroxyl orientations Ib (+423 cm−1) and IIb 
(+422 cm−1). In conformation III, where the hydroxyl oxygen orients 

Table 4 
Fit spectroscopic constants for the conformers of the parent isotopologue of the 
(1R)-(–)-nopol monomer.  

Conformer Exp1 Exp2 

A [MHz] 1421.59825(26)a 1644.70718(65) 
B [MHz] 738.140426(89) 635.564170(96) 
C [MHz] 661.462876(94) 612.159713(84) 
DJ [kHz] 0.06421(29) 0.04125(25) 
DJK [kHz] 0.0121(11) −0.01838(90) 
DK [kHz] 0.0510(75) 0.125(48) 
d1 [kHz] −0.01321(14) 0.00188(11) 
d2 [kHz] −0.000845(75) ————————————————— 
N [unitless]b 264 181 
σrms [kHz]c 8.67 7.43  

a Numbers in parentheses represent one standard deviation, a 67 % confidence 
level. 

b N is the number of transitions in the fit. 
c σrms is the root mean square microwave residual defined as SQRT(Σ([obs- 

calc]2)/N). 

Table 5 
Comparison of the experimental observations of conformer Exp1 to the values 
predicted for heavy atom conformers IIC at the B3LPY|cc-pVTZ level of theory.  

Conformer Exp1a IIC1 IIC2 IIC3 

A [MHz] 1421.59825(26)b 1415[−0.44]c  1423[0.08]  1403[−1.33] 
B [MHz] 738.140426(89) 729[−1.23]  725[−1.80]  734[−0.60] 
C [MHz] 661.462876(94) 649[−1.96]  650[−1.71]  649[−1.92] 
µa [Debye] Large −0.46  −1.84  0.35 
µb [Debye] Small - Moderate 1.02  −0.50  −1.26 
µc [Debye] Small - Moderate −0.94  0.75  0.50  

a Magnitude of the dipole moments are predicted from the trends in observed 
transition intensities. 

b Numbers in parentheses represent one standard deviation, a 67 % confi
dence level. 

c Numbers in brackets represent the percent error defined as ([theory - Exp1]/ 
Exp1) × 100. 

Table 6 
Comparison of the experimental observations of conformer Exp2 to the values 
predicted for heavy atom conformers IB at the B3LPY|cc-pVTZ level of theory.  

Conformer Exp2a IB1 IB2 IB3 

A [MHz] 1644.70718(65)b 1616[−1.74]c  1600[−2.73]  1660[0.95] 
B [MHz] 635.564170(96) 627[−1.39]  632[−0.53]  624[−1.77] 
C [MHz] 612.159713(84) 603[−1.52]  610[−0.41]  600[−1.92] 
µa [Debye] Large 0.51  −0.17  2.03 
µb [Debye] Small - Moderate −1.35  −0.22  0.36 
µc [Debye] Small - Moderate −0.37  −1.32  0.34  

a Magnitude of the dipole moments are predicted from the trends in observed 
transition intensities. 

b Numbers in parentheses represent one standard deviation, a 67 % confi
dence level. 

c Numbers in brackets represent the percent error defined as ([theory - Exp2]/ 
Exp2) × 100. 

Fig. 4. Structures of the IIC2/Exp1 and IB3/Exp2 conformers viewed along the 
C1––C2 bond. 
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nearly coplanar to the double bond and the long-range hydrogen 
bonding interaction is absent, Neeman et al. calculated a much smaller 
(25 cm−1) energy difference between the local minimum geometry and 
the next lowest energy hydroxyl orientation. 

From the structures presented in Fig. 4 and the dihedral angles found 
in Tables 1 and 2, it can be observed that the IIC2/Exp1 and IB3/Exp2 
conformations of nopol also exhibit a skew-gauche like structure asso
ciated with the ∠C1C2C3C4 angle. However, the extension of the func
tionalization in nopol to include an addition –CH2– allows the hydroxyl 
group, and particularly the hydroxyl proton, to more directly orient 
towards the π electron density of the carbon–carbon double bond. In the 
global minimum IB3/Exp2 conformation, this results in long-range 
hydrogen bonding that can be characterized by the r(H-C1) = 2.767 Å 
and r(H-C2) = 2.554 Å distances. The local minimum IIC2/Exp1 confor
mation forms long-range hydrogen bonding interactions similar to IB3/ 
Exp2 but oriented on the opposite side of the sp2 plane of the carbon
–carbon double bond. As a result, the interactions of IIC2/Exp2 are 
elongated in comparison to IB3/Exp2, with distances of r(H-C1) = 2.945 Å 
and r(H-C2) = 2.632 Å. This elongation is likely due to steric strain caused 
by orienting the R─CH2CH2OH functionalization and the –CH3 groups of 
the molecular cage on the same side of the carbon–carbon double bond 
plane. This stretching of the hydrogen bonding interactions can account 
for the calculated 76 cm−1 energy difference between IB3/Exp2 and 
IIC2/Exp1. Additionally, the complete absence of these long-range 
hydrogen bonding interactions in all of the other predicted geometries 
explains their higher calculated energies and likely contributes to their 
absence in the experimental spectrum. 

5. Conclusion 

The pure rotational spectrum of (1R)-(-)-nopol has been collected 
from 6 to 18 GHz. Two conformers of the monomer have been observed 
and assigned from the spectrum. Conversely, an examination of the 
theoretical potential energy surface found 27 distinct optimized geom
etries associated with the nopol monomer. Each of these conformers is 
the result of a unique combination of the three dihedral angles associ
ated with the R-CH2CH2OH functionalization. A comparison of the 
rotational constants and observed transitions intensities of the two 
experimentally observed conformers to the predicted rotational con
stants and dipole moments of the two lowest energy theoretical con
formers shows excellent agreement. 
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