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Abstract

We present an efficient semiexperimental protocol for determining spectroscopi-

cally accurate molecular structures from limited isotopologue data, with a focus on

medium-sized organic molecules. The availability of all monosubstituted isotopologues

of norbornadiene enabled the determination of a complete semiexperimental (rSEeq )

equilibrium structure, establishing a reference for validating reduced-dimensionality

approaches that avoid deuterium substitution.

The rotational spectrum of norcamphor is reported here for the first time, provid-

ing a critical benchmark for assessing the method’s accuracy. By combining composite

quantum-chemical calculations with a cost-effective vibrational correction scheme, the

protocol achieves near-spectroscopic accuracy while substantially reducing computa-

tional effort.

This approach enables the structural characterization of large systems where ex-

tensive isotopic substitution is impractical, thereby broadening the applicability of

semiexperimental methods in modern molecular spectroscopy.
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Norcamphor (see Figure 1) is a bicyclic monoterpenoid classified as a bicyclo[2.2.1]heptane

according to IUPAC rules.1 It belongs to the “nor” family—alongside norbornane, nor-

bornene, and norbornadiene (also shown in Figure 1)—which share the same carbon frame-

work as camphor but lack its methyl substituents. While the rotational spectra of norbor-

nane,2 norbornene,3 and norbornadiene4 have long been known, that of norcamphor has

remained unexplored until now.

The sizeable dipole moment of norcamphor and the absence of nuclear hyperfine splittings

yield a strong and well-resolved rotational spectrum, enabling the detection of 13C and even

18O isotopologues at natural abundance.5,6 These features have been extensively exploited in

the structural characterization of other monoterpenes and monoterpenoids using models such

as substitution structures (rs), ground-state geometries (r0), and mass-dependent structures

(rm).4,7–14

Among the various strategies for gas-phase structure determination, the semiexperimen-

tal (SE) approach has emerged as a powerful and more accurate alternative to traditional

empirical models.15–19 By correcting experimental rotational constants with vibrational con-

tributions computed from quantum chemistry, the SE technique yields equilibrium geome-

tries (rSEeq ) with spectroscopic accuracy through nonlinear least-squares fitting. However, its

application is often hindered by two main limitations: the need for isotopic substitution of

all non-equivalent atoms, and the significant computational cost associated with anharmonic

vibrational corrections. The first issue can be alleviated by constraining missing parameters

to quantum-chemical (QC) values or using mixed regression models.16,20 To address the sec-

ond, we have recently introduced a black-box procedure based on energy gradients, which

enables the efficient computation of vibrational corrections with minimal loss of accuracy.21

In this work, we report the first experimental observation of the rotational spectrum of

norcamphor, supported by a computational protocol combining reduced-dimensionality SE

refinement with composite quantum-chemical calculations. Our strategy integrates exper-

imental rotational constants from several heavy-atom isotopologues with vibrational cor-
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rections computed at modest cost. Due to the lack of observable hydrogen isotopologues

at natural abundance, hydrogen coordinates are fixed either from geometries optimized by

high-level quantum-chemical methods and/or corrected for the difference between computed

and semiexperimental values of norbornadiene. This integrated framework enables accurate

structure determination even in the presence of sparse isotopic information and facilitates

confident spectral assignments in congested regions.

The family of Pisa Composite Schemes (PCS) has been developed to optimize the accu-

racy/cost ratio for systems of increasing dimensions. For molecules containing up to around

20 atoms and lacking large static correlation effects, the leading valence contributions to equi-

librium geometrical parameters can be estimated accurately by the CCSD(T)-F12b ansatz22

(CC2) in conjunction with the cc-pVDZ-F12 (2F12) basis set23–25 and the core-valence (CV)

correlation is accounted for by the difference of all-electron (ae) and frozen core (fc) MP2

computations with the cc-pwCVTZ26 (wC3) basis set:

∆rCV = r(ae−MP2/wC3) − r(fc−MP2/wC3) (1)

Extensive tests of the resulting PCS2 variant27,28 showed that cheaper approximations

can be obtained by considering that the CV contribution is negligible for valence and dihe-

dral angles, while it can be well estimated by a one-parameter function of principal atomic

numbers (ni) for bond lengths.

∆rCV B
ij = −k

√
NiNj − 1

(
rcovi + rcovj

)
(2)

where Ni = min(ni, 3), rcovi , rcovj are covalent radii taken from Ref. 29 and the optimized

value of k is 0.0011 for all bonds30 except CH, where it becomes 0.0021.28 At the same

time, the CC2 valence contribution can be replaced by the significantly cheaper rev-DSD-

PBEP86 double hybrid functional31 in conjunction with a triple-zeta basis set30 and the

D3BJ empirical dispersions32 (this version is referred to as DPCS3), provided that small
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valence corrections (∆rV B
ij ) are introduced to counterbalance the slight overestimation of

delocalization in specific bonds.33 The resulting variant is denoted BDPCS3, and additional

details about ∆rV B
ij are given in the supplementary information (SI).

Experimental rotational constants, the primary outcomes of rotational spectroscopy, cor-

respond to the vibrational ground state and thus include vibrational averaging. Accordingly,

they can be expressed as:

B0
τ = Beq

τ + ∆Bvib
τ (3)

where Beq
τ and ∆Bvib

τ denote the equilibrium rotational constant and its vibrational correc-

tion along the same principal axis τ . In the framework of second-order vibrational pertur-

bation theory (VPT2) the ∆Bvib
τ contributions become explicit functions of quadratic and

semi-diagonal cubic force constants,15,16 which can be effectively computed using the cheap

HPCS2 variant (based on the B3LYP functional in conjunction with the 6-31+G* basis set34

and the D3BJ empirical dispersions32) through a low-scaling procedure exploiting analyt-

ical gradients.21,35 Hereafter, rotational constants including vibrational corrections will be

denoted by the model used for the computation of equilibrium values followed by //HPCS2.

The characteristics of the different PCS variants are summarized in Table 1.

Table 1: The different PCS variants employed in the present paper. See main text for further
details.

Label Valence (fc) ∆ Core-Valence (ae-fc) ∆ Valence (fc)

PCS2 CCSD(T)-F12b22/2F12 MP2/wC3 (see Eq. 1) none
DPCS3 rev-DSD-PBEP8631/3F12− none D3BJ32

BDPCS3 rev-DSD-PBEP8631/3F12− CVB (see Eq.2) D3BJ32 + VB (see Eq. S1)
HPCS2 B3LYP/6-31+G*34 none D3BJ32

Vibrationally corrected ground-state constants of different isotopologues yield the so-

called semiexperimental (SE) equilibrium rotational constants, which can be used to refine

geometrical parameters via least-squares fitting. In the present case, deuterium-substituted

isotopologues are not available, preventing direct experimental information on hydrogen po-
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sitions. Therefore, C–H bond lengths are estimated independently from quantum chemical

computations, possibly corrected by the difference between computed and semiexperimental

values for a suitable templating molecule (TM, in the present case norbornadiene). This

dual strategy—selective correction of computed bond lengths and template-guided refine-

ment—ensures reliable reconstruction of the hydrogen framework in the absence of isotopic

substitution.

In recent works33 we have compared the equilibrium rotational constants of several

molecules including rigid36 as well as flexible terpenes37 delivered by different quantum

chemical models with their SE counterparts, which have been computed by adding the

HPCS2 vibrational corrections to the experimental ground-state rotational constants. The

resulting absolute (MAX and MUE) and relative (%MAX and %MUE) maximum and mean

unsigned errors revealed that: (i) HPCS2 systematically underestimates SE rotational con-

stants by more than 1%, (ii) DPCS3 and CC2 achieve average errors around 0.3% and

0.5%, respectively; and (iii) PCS2 and BDPCS3 meet the target accuracy of 0.1%. Conse-

quently, PCS2//HPCS2 and BDPCS3//HPCS2 ground state rotational constants are used

in this work as accurate reference values for assigning the experimental rotational spectrum

of norcamphor.

Norbornadiene Norcamphor Camphor

Figure 1: Structure and labelling of norbornadiene, norcamphor, and camphor.

Figure 2 shows the experimental (black lines) and the theoretical spectra of norcamphor
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derived from BDPCS3 equilibrium rotational constants, either with (magenta lines) or with-

out (blue lines) HPCS2 vibrational corrections. The agreement between the experimental

and the BDPCS3//HPCS2 transitions highlights how this level of accuracy is useful for as-

signing the experimental spectrum. Therefore, the rotational transitions of norcamphor were

identified by starting from the predictions of this model.

The Ray’s asymmetry parameter,38 κ = −0.72, describes norcamphor as a nearly prolate

asymmetric rotor and the QC calculations established that the electric dipole moment has

a dominant µa component, with considerably smaller µb and µc components (see Table

2). Consequently, the a-type R-branch (∆J = +1), ∆K−1 = 0, ∆K1 = +1, with K1 =

0, 1, 2, 3, .., (shortly denoted aR0,1) transitions of the parent isotopologue were the first to be

observed and assigned by the JB95 software.39 These transitions are labeled in Figure 2. The

regular harmonic pattern can be observed in three groups, each separated by approximately

4000 MHz (B0 + C0) with each group spanning around 450 MHz ((B0 − C0)(J
′′ + 1), where

J ′′ indicates the lower rotational state40). The last group is only partially observed. The

b- and c-type transitions (bR±1,±1,
bR−1,3,

cR1,0, and cR−1,2) were the next to be observed.

A total of 30 R-branch lines were assigned. As shown in Figure 2, it was also possible to

measure Q-branch lines (∆J = 0) of a-, b-, and c-type, specifically were observed aQ0,−1,

aQ2,−1,
bQ1,−1,

cQ1,0, and cQ1,−2 transitions. A total of 78 lines were assigned and fitted

for the parent structure by means of the Pickett’s programs (SPCAT, SPFIT),41–44 using the

Watson A representation and prolate asymmetric rotor.5,45 The root mean square deviation

between measured and fitted positions of those 78 lines was 13 kHz.
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Figure 2: Comparison between the experimental (black lines) and theoretical spectra of
norcamphor. The blue lines represent the spectrum derived from BDPCS3 equilibrium rota-
tional constants, while the magenta lines incorporate vibrational corrections at the HPCS2
level. The aR0,1 progressions are labeled and the bQ1,−1 and aQ2,−1 transitions are shown.
The full broadband spectrum is shown in Figure S1 of the supplementary information.

Table 2 collects the experimental and computed rotational constants for the parent struc-

ture, while Figure 3 shows the experimental (black lines) and the theoretical data derived

from equilibrium rotational constants with (magenta lines) or without (blue lines) vibrational

corrections.
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Table 2: Experimental and computed rotational constants (A0, B0, C0 in MHz), together
with HPCS2 vibrational corrections (∆Bvib in MHz), quartic centrifugal distorsion constants
in the asymmetrically reduced Hamiltonian (in MHz), and equilibrium electric dipole moment
components (µτ

eq in Debye) for norcamphor.

Parameter EXP HPCS2[a] (∆Bvib) MP2[a] DPCS3[a] CC2[a] BDPCS3[a] PCS2[a]

Parent

A0 3433.7 3395.7 (31.4) 3406.8 3423.0 3416.6 3436.0 3430.7
B0 2105.6 2074.9 (17.8) 2091.0 2097.5 2096.4 2105.7 2104.7
C0 1887.6 1860.4 (15.6) 1873.2 1880.4 1878.8 1887.5 1886.4

MUE[b] 32.0 18.6 8.6 11.7 0.8 1.7
MAX[b] 38.0 26.8 10.6 17.1 2.3 3.0

MUE%[b] 1.33 0.75 0.36 0.47 0.03 0.07
MAX%[b] 1.46 0.78 0.38 0.50 0.07 0.09

∆J 0.226·10−3 0.1875·10−3 0.2098·10−3 0.2062·10−3 — — —
∆K 0.483·10−3 0.3925·10−3 0.6046·10−3 0.5717·10−3 — — —
∆JK 0.1281·10−3 0.1323·10−3 0.0070·10−3 0.0362·10−3 — — —
δJ 0.0181·10−3 0.0155·10−3 0.0189·10−3 0.0176·10−3 — — —
δK 0.209·10−3 0.1338·10−3 0.1827·10−3 0.1853·10−3 — — —

|µa
eq| strong 3.43 3.13 3.21 — — —
|µb

eq| weak 0.63 0.57 0.70 — — —
|µc

eq| weak 0.52 0.50 0.52 — — —

[a] HPCS2 vibrational corrections to rotational constants, see Eq. 3. [b] Absolute mean and maximum unsigned errors
between computed and experimental rotational constants (MUE and MAX in MHz) and the corresponding relative values
(MUE% and MAX%).

As previously noted,46 the HPCS2 equilibrium rotational constants yield results that are

closer to the experimental ground-state values than those obtained when vibrational correc-

tions are included (see Table 2 and Figure 3(a)). This behavior arises from a fortuitous error

compensation between the neglect of bond lengthening due to vibrational averaging and the

systematic overestimation of equilibrium bond lengths at the HPCS2 level. As shown in

Figure 3(b), a similar trend is observed for second-order Møller–Plesset perturbation the-

ory (MP2) combined with the 6-311++G∗∗ basis set. As a result, these two approaches

have become standard practice in spectroscopy, offering a reasonable compromise between

accuracy and computational cost. However, this comes at the risk of misleading interpreta-

tions of equilibrium geometrical parameters and potential misassignments of experimental

data—especially when dealing with closely related structures—as recently illustrated by the

case of myrtenol.36,47,48

By contrast, the results obtained at the DPCS3 level (see Table 2 and Figure 3(c)) and

with CC2 calculations are consistent with those found for other “norcompounds”,36 with
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average errors of approximately 0.4 and 0.5%, respectively, when vibrational corrections are

included. Finally, both PCS2//HPCS2 and BDPCS3//HPCS2 computations (see Table 2

and Figure 3(d)) achieve the target accuracy of 0.1%.

Norcamphor is a chiral molecule, where all carbon atoms are nonequivalent. There-

fore, the signals of the 13C were searched with the help of preliminary BDPCS3//HPCS2

predictions. After observing the 13C isotopologues (≈ 1% abundance), it was clear that

signal-to-noise (S/N) ratios of 100:1 could be achieved on the main lines of norcamphor.

This suggests that the 18O isotopologue might also be observable, despite its low natural

abundance (≈ 0.2%). The transitions 20,2 ← 10,1 for all 13C isotopologues and the transition

21,1 ← 11,0 for 18O are highlighted in Figure 4. The experimental rotational constants for

all isotopologues and five quartic centrifugal distortion constants for the parent structure

are listed in Table 3 together with the estimated uncertainties. All measured transitions are

listed in the Supplementary Information (see Tables S4-S12).
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Figure 3: Comparison between the experimental (black lines) and theoretical data of nor-
camphor. The blue lines represent the spectrum derived from Beq, while the magenta lines
incorporate vibrational corrections. Relative maximum unsigned errors between experimen-
tal and computed rotational constants (RMUE) are also given. (a) Experimental spec-
trum vs. HPCS2 and HPCS2//HPCS2 spectra. (b) Experimental spectrum vs. MP2 and
MP2//HPCS2 spectra. (c) Experimental spectrum vs. DPCS3 and DPCS3//HPCS2 spec-
tra. (d) Experimental spectrum vs. BDPCS3 and BDPCS3//HPCS2 spectra.
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atom numbering of Figure 1.
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Table 3: Experimental spectroscopic constants (A0, B0, C0, ∆J , ∆K , ∆JK , δJ , and δK in
MHz) of the parent and singly substituted 13C and 18O isotopologues of norcamphor, in
Watson’s A-reduced prolate asymmetric rotor Hamiltonian.

Parent 13C1
13C2

13C3
13C4

A0 3433.68937(123) 3406.4263(51) 3433.3350(48) 3390.779(297) 3410.2746(62)
B0 2105.60208(110) 2101.6649(40) 2094.0205(34) 2102.8223(76) 2096.4973(48)
C0 1887.63233(105) 1882.4101(34) 1878.34618(248) 1874.2876(67) 1873.3523(35)

∆J 0.226(37)·10−3 — — — —
∆K 0.483(54)·10−3 — — — —
∆JK 0.1281(179)·10−3 — — — —
δJ 0.01813(253)·10−3 — — — —
δK 0.209(40)·10−3 — — — —

N [a] 78 14 12 12 12
σ[b] 12.96 24.27 20.38 39.66 28.68

13C5
13C6

13C7
18O

A0 3415.808(112) 3386.729(77) 3391.781(308) 3428.1060(56)
B0 2077.16668(234) 2098.28492(205) 2084.9016(43) 2015.8886(49)
C0 1870.02969(203) 1870.35270(205) 1883.1238(37) 1815.2464(38)

N [a] 11 11 10 8
σ[b] 13.01 10.13 23.57 22.96

[a] Number of measured transitions. [b] RMS deviation of the fit (in kHz).

One major application of high-resolution rotational spectroscopy is the precise determi-

nation of molecular geometry. The observed spectra yield the effective rotational constants

(A,B,C) for each vibrational state. The structure derived directly from the ground-state

constants (A0, B0, C0), measured in this experiment, is referred to as the r0 structure. As

discussed above, much more accurate SE req structures can be obtained when there is enough

information about the isotopic species. Unfortunately, the rotational constants of norcam-

phor’s parent and its heavy-atom-substituted isotopologues only allow the determination

of the rSEeq structure for the heavy-atom backbone. The absence of deuterated species is a

common limitation that does not permit determining hydrogen positions.

In order to address this issue, we validated a reduced-dimensionality strategy for norbor-
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nadiene, whose ground-state rotational constants have been determined for all monosubsti-

tuted isotopologues.4 These experimental data, combined with computed HPCS2 vibrational

corrections, enabled the determination of a complete SE equilibrium geometry. As shown in

Table 4, the equilibrium geometries obtained at the BDPCS3 and PCS2 levels already ex-

hibit excellent agreement with their rSEeq counterparts. Further refinement of the heavy-atom

positions—while constraining hydrogen bond lengths, valence angles, and dihedral angles to

their BDPCS3 or PCS2 values—yielded a reduced-dimensionality SE structure with uncer-

tainty comparable to that of the full-dimensional SE geometry. Moreover, the relative errors

in the rotational constants decrease by approximately one order of magnitude when com-

paring purely theoretical geometries (PCS2 or BDPCS3) with those refined for heavy-atom

positions. Although subsequent optimization of hydrogen atom positions leads to a slight

improvement in the rotational constants, the gain is marginal and remains within the uncer-

tainty associated with vibrational corrections. This approach thus provides a robust route

to derive partial rSEeq equilibrium geometries when only heavy-atom isotopic substitutions are

available.
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Table 4: Comparison between req and rSEeq bond lengths (in Å), valence, and dihedral angles
(in degrees) of norbornadiene. The labeling of geometrical parameters follows the atom
numbering of Figure 1.

Parameter
req rSE

eq
[a] req

[b]

HPCS2 DPCS3 CC2[c] BDPCS3 PCS2[d] Full(BDPCS3) Full(PCS2) RD(BDCPS3)[e] RD(PCS2)[f] Ref. 4

r(C1 –C2) 1.5439 1.5362 1.5380 1.5332 1.5348 1.5344(2) 1.53436(6) 1.5338(1) 1.533997(4) 1.5304(31)
r(C1 –C7) 1.5616 1.5529 1.5535 1.5499 1.5502 1.5495(4) 1.5496(1) 1.5504(1) 1.549376(4) 1.5567(28)
r(C2 –C3) 1.3387 1.3369 1.3394 1.3357 1.3365 1.3368(4) 1.3368(1) 1.3364(3) 1.33706(1) 1.3362(30)
r(C1 –H) 1.0915 1.0880 1.0871 1.0855 1.0856 1.0844(3) 1.08445(7) 1.0855✓ 1.0856✓ 1.0903(13)
r(C2 –H) 1.0844 1.0811 1.0803 1.0786 1.0790 1.0778(3) 1.07772(6) 1.0786✓ 1.0790✓ 1.0809(13)
r(C7 –H) 1.0948 1.0915 1.0907 1.0890 1.0892 1.0899(3) 1.08865(7) 1.0890✓ 1.0892✓ 1.0954(12)

a(C1 –C2 –C3) 107.13 107.07 107.06 107.06 107.06 107.06(2) 107.057(4) 107.07(2) 107.0412(4) 107.13(9)
a(C1 –C7 –C4) 92.07 92.25 92.37 92.29 92.37 92.41(3) 92.403(7) 92.33(2) 92.3793(5) 91.90(17)
a(C2 –C1 –C6) 107.40 107.18 107.14 107.18 107.11 107.00(2) 107.036(6) 107.07(2) 107.0575(4) 107.58(25)
a(C2 –C1 –C7) 98.32 98.39 98.38 98.40 98.39 98.42(2) 98.409(4) 98.41(2) 98.4260(5) 98.30(14)
a(C1 –C7 –H) 113.24 113.04 112.96 113.03 112.97 112.90(1) 112.956(3) 113.03✓ 112.97✓ 117.66(26)
a(C3 –C2 –H) 128.19 127.94 127.88 127.95 127.88 127.89(3) 127.889(6) 127.95✓ 127.88✓ 127.84(10)
a(H–C7 –H) 110.74 111.25 111.41 111.25 111.38 111.57(4) 111.402(9) 111.25✓ 111.38✓ 111.99(14)

d(C4 –C7 –C1 –C2) 54.54 54.44 54.42 54.44 54.40 54.35(1) 54.369(3) 54.38(1) 54.3831(3) —
d(C1 –C2 –C3 –H) 176.51 176.40 176.33 176.44 176.31 176.48(4) 176.31(1) 176.44✓ 176.31✓ 175.94(28)

σ[g] 0.004 0.010 0.001 0.006

MAX%[h] 1.20 0.30 0.47 0.04 0.07 0.0015 0.0004 0.0068 0.0031
MAE%[i] 1.41 0.37 0.52 0.11 0.10 0.0006 0.0001 0.0016 0.0011

[a] The symbol ✓ denotes parameters kept fixed at their guess value. [b] Near equilibrium geometry taken from Ref. 4. [c]
CCSD(T)-F12b/cc-pVDZ-F12 structure, the data was taken from Ref. 36. [d] Data taken from the molecular database49

(https://www.skies-village.it/databases/). [e] Reduced-dimensionality (RD) SE structure obtained starting from the BDPCS3
geometry, with SE rotational constants based on vibrational corrections at the HPCS2 level. [f] Reduced-dimensionality (RD)
SE structure obtained starting from the PCS2 geometry, with SE rotational constants based on vibrational corrections at the
HPCS2 level. [g] Standard deviation of the fit (in MHz). [h] Maximum absolute percentage error in the rotational constants
(for all isotopic species) of the refined structure relative to their experimental counterparts. [i] Mean absolute percentage error
in the rotational constants (for all isotopic species) of the refined structure relative to their experimental counterparts.

Table 5 compares the results obtained using different quantum chemical models with

those derived either from partial SE optimizations—where CH bond lengths, HCC valence

angles, and CCCH dihedral angles were fixed at their BDPCS3 or PCS2 values—or from a

modified approach in which the BDPCS3 values for the C1 –C7, C1 –H9, C4 –H12, C7 –H17,

and C7 –H18 bond lengths were corrected by the difference between BDPCS3 and SE values

in norbornadiene (the rTM
eq structure).

As mentioned above, the remarkable accuracy of the BDPCS3 and PCS2 equilibrium ge-

ometries is evidenced by the small deviations between theory and experiment for all available

rotational constants, which remain well within the 0.1% target. A reduced-dimensionality

SE approach limited to heavy atoms, combined with PCS2 or BDPCS3 hydrogen positions,

yields a structure with geometrical parameters falling within fully satisfactory uncertainty

ranges. Conversely, the rTM
eq structure results in slightly larger deviations relative to the rSEeq
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structure, although these remain within spectroscopic accuracy.

For comparison, we also computed the so-called substitution structure (rs), in which

equilibrium atomic positions are estimated from changes in the moments of inertia between

isotopologues via the Kraitchman equations, under the assumption that molecular geometry

remains unchanged upon isotopic substitution. These calculations were performed using the

KRA program, available through the PROSPE database.44 The resulting structural param-

eters (see Table 5) are affected by substantial errors, partly due to the large uncertainties

associated with very small principal coordinates of certain atoms (see subsection 5.2 in the

SI).7

Table 5: Comparison between req, r
SE
eq , rTM

eq , r0, and rs bond lengths (in Å), valence, and
dihedral angles (in degrees) of norcamphor. The labeling of geometrical parameters follows
the atom numbering of Figure 1.

Parameter
req rSE

eq
[a] rTM

eq
[b] r0 rs

HPCS2 DPCS3 CC2[c] BDPCS3 PCS2[d] RD(BDCPS3)[e] RD(PCS2)[f] BDPCS3[g] BDPCS3

r(C1 –C2) 1.5242 1.5189 1.5209 1.5161 1.5176 1.51479(7) 1.51777(9) 1.5161✓ 1.51863(9) 1.530 (18)
r(C1 –C6) 1.5591 1.5495 1.5502 1.5465 1.5469 1.54524(7) 1.54707(9) 1.5465✓ 1.54908(9) 1.526 (11)
r(C1 –C7) 1.5456 1.5380 1.5392 1.5350 1.5360 1.53375(7) 1.53618(9) 1.5379(5) 1.53759(9) 1.506 (17)
r(C2 –C3) 1.5373 1.5318 1.5340 1.5289 1.5305 1.52764(7) 1.53067(9) 1.5289✓ 1.53148(9) 1.597 (18)
r(C2 –O8) 1.2141 1.2084 1.2084 1.2057 1.2064 1.20445(7) 1.20658(9) 1.2057✓ 1.20829(9) 1.1873 (41)
r(C3 –C4) 1.5436 1.5355 1.5368 1.5325 1.5336 1.53128(7) 1.53379(9) 1.5325✓ 1.53512(9) 1.540 (10)
r(C4 –C5) 1.5474 1.5393 1.5406 1.5363 1.5373 1.53508(7) 1.53749(9) 1.5363✓ 1.53892(9) 1.545 (29)

a(C1 –C2 –C3) 105.85 105.84 105.92 105.84 105.91 105.949(5) 105.863(6) 105.84✓ 106.146(6) 102.4 (7)
a(C1 –C2 –O8) 127.52 127.54 127.51 127.54 127.50 127.645(5) 127.450(6) 127.54✓ 127.841(6) 132.4 (15)
a(C2 –C3 –C4) 102.15 102.10 102.02 102.10 102.03 102.195(5) 101.979(6) 102.10✓ 102.392(6) 101.6 (5)
a(C2 –C1 –C6) 105.15 104.89 104.86 104.89 104.85 105.007(5) 104.799(6) 104.89✓ 105.204(6) 100.9 (6)
a(C2 –C1 –C7) 101.12 101.17 101.09 101.17 101.10 101.270(5) 101.044(6) 101.17✓ 101.467(6)
a(C3 –C4 –C5) 108.29 108.18 108.11 108.18 108.11 108.307(5) 108.055(6) 108.18✓ 108.504(6) 107.0 9)

d(C1 –C2 –C3 –C4) -3.28 -3.57 -3.55 -3.58 -3.55 -3.621(2) -3.545(2) -3.58✓ -3.705(3) -8.7 (12)
d(C3 –C2 –C1 –C6) 73.20 73.50 73.48 73.51 73.49 73.473(2) 73.497(2) 73.51✓ 73.3889(3)
d(C3 –C2 –C1 –C7) -31.81 -31.50 -31.51 -31.50 -31.50 -31.535(2) -31.496(2) -31.50✓ -31.619(3)
d(C4 –C7 –C1 –C6) -53.93 -54.89 -54.87 -54.89 -54.86 -55.20(2) -54.70(2) -54.89✓ -55.72(3) -54.9 (7)
d(C7 –C1 –C2 –O8) 149.21 149.46 149.45 149.41 149.45 149.374(2) -149.459(2) 149.46✓ 149.290(3) 139.6 (17)

σ[h] 0.05 0.05 0.20 0.07

MAX%[i] 1.33 0.36 0.47 0.03 0.07 0.032 0.031 0.085 0.032
MAE%[l] 1.46 0.38 0.50 0.07 0.09 0.005 0.006 0.026 0.007

[a] The C–H, C–C–H, and C–C–C–H parameters are reported in Table S2. [b] Template molecular structure, with
norbornadiene as TM. The template bonds are: C1 –C7, C1 –H9, C4 –H12, C7 –H17, and C7 –H18, which correspond to the
bridge atoms. [c] CCSD(T)-F12b/cc-pVDZ-F12 structure, the data was taken from Ref. 36. [d] Data taken from the
molecular database49 (https://www.skies-village.it/databases/). [e] Reduced-dimensionality (RD) SE structure obtained
starting from the BDPCS3 geometry, with SE rotational constants based on vibrational corrections at the HPCS2 level.[f]
Reduced-dimensionality (RD) SE structure obtained starting from the PCS2 geometry, with SE rotational constants based on
vibrational corrections at the HPCS2 level. [g] rTM

eq = r(BDPCS3) + ∆TM ; ∆TM = rSEeq (full BDPCS3)− req(BDPCS3). [g]
Standard deviation of the fit (in MHz). [i] Maximum absolute percentage error in the rotational constants (for all isotopic
species) of the refined structure relative to their experimental counterparts. [l] Mean absolute percentage error in the
rotational constants (for all isotopic species) of the refined structure relative to their experimental counterparts.

The accuracy of the reduced-dimensionality SE approach based on BDPCS3 values, to-
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gether with the development of cost-effective procedures for evaluating vibrational correc-

tions, prompted us to revisit the case of camphor. The size of this molecule, combined with

the lack of deuterium substitutions, had previously hindered the application of SE techniques

using conventional strategies. As shown in Table 6, the least-squares refinement yields stable

and accurate geometrical parameters for all non-hydrogen atoms.

The agreement with the r
(1)
m structure reported by Kisiel and co-workers7 is generally

satisfactory, with the notable exception of the C1–C7 bond length. The SE equilibrium

value for this parameter is close to the BDPCS3 prediction, and significantly longer than

both the rs and r
(1)
m values, which are among the least precisely determined experimental

parameters.
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Table 6: Comparison between req, r
SE
eq , r0, and rs bond lengths (in Å), valence, and dihedral

angles (in degrees) of camphor. The labeling of geometrical parameters follows the atom
numbering of Figure 1.

Parameter
req

[a] rSE
eq

[a] r0 rs

HPCS2 DPCS3 BDPCS3 RD(BDCPS3)[b] Ref. 7 Ref. 7

r(C1 –C2) 1.5317 1.5254 1.5224 1.52219(4) 1.537(10) 1.536(9)
r(C1 –C6) 1.5645 1.5543 1.5512 1.55096(4) 1.557(6) 1.543(7)
r(C1 –C7) 1.5685 1.5571 1.5540 1.5538(4) 1.543(8) 1.518(6)
r(C1 –C9) 1.5149 1.5097 1.5068 1.50657(4) 1.522(4) 1.528(4)
r(C2 –C3) 1.5352 1.5306 1.5276 1.52738(4) 1.530(3) 1.547(11)
r(C2 –O8) 1.2144 1.2090 1.2063 1.20601(4) 1.212(2) 1.207(4)
r(C3 –C4) 1.5422 1.5354 1.5325 1.53222(4) 1.545(5) 1.535(3)
r(C4 –C5) 1.5465 1.5393 1.5363 1.53610(4) 1.547(4) 1.540(3)
r(C7 –C10) 1.5377 1.5304 1.5275 1.52723(4) 1.542(6) 1.549(4)
r(C7 –C11) 1.5344 1.5271 1.5242 1.52391(4) 1.534(5) 1.533(5)

a(C1 –C2 –C3) 106.61 106.56 106.56 106.542(2) 105.8(2) 105.4(7)
a(C1 –C2 –O8) 126.91 126.91 126.91 126.888(2) 126.8(1) 129.0(11)
a(C1 –C7 –C10) 113.20 113.00 113.00 113.000(2) 113.2(4) 113.2(5)
a(C1 –C7 –C11) 114.15 114.03 114.03 114.025(2) 114.1(6) 114.0(7)
a(C2 –C3 –C4) 101.82 101.73 101.73 101.71(2) 101.6(1) 101.3(6)
a(C2 –C1 –C6) 103.01 103.11 103.11 103.0912(2) 102.6(6) 102.2(14)
a(C2 –C1 –C7) 100.48 100.38 100.38 100.362(2) 100.6(3) 101.1(5)
a(C2 –C1 –C9) 114.69 114.46 114.46 114.439(2) 113.6(6) 112.0(9)
a(C3 –C4 –C5) 106.53 106.49 106.49 106.47(2) 106.5(3) 106.7(3)

d(C1 –C2 –C3 –C4) 0.63 0.39 0.39 0.458(4) — —
d(C2 –C3 –C4 –C5) 72.07 72.21 72.21 72.300(4) — —
d(C2 –C1 –C7 –C10) 65.10 64.87 64.87 64.871(4) — —
d(C2 –C1 –C7 –C11) -171.39 -171.45 -171.45 171.4520(4) — —
d(C3 –C2 –C1 –C6) -70.99 -70.91 -70.91 70.825(4) — —
d(C3 –C2 –C1 –C7) 34.02 34.20 34.20 34.284(4) — —
d(C3 –C2 –C1 –C9) 163.14 163.19 163.19 163.288(4) — —
d(C7 –C1 –C2 –O8) -146.75 -146.26 -146.26 -146.212(4) — —

σ[c] 0.09

MAX%[d] 1.46 0.41 0.04 0.019
MAE%[e] 1.58 0.46 0.09 0.005

[a] The C–H, C–C–H, and C–C–C–H parameters are reported in Table S3. [b] Reduced-dimensionality (RD) SE structure
obtained starting from the BDPCS3 geometry, with SE rotational constants based on vibrational corrections at the HPCS2
level. [c] Standard deviation of the fit (in MHz). [d] Maximum absolute percentage error in the rotational constants (for all
isotopic species) of the refined structure relative to their experimental counterparts. [e] Mean absolute percentage error in the
rotational constants (for all isotopic species) of the refined structure relative to their experimental counterparts.

The discrepancy for the C1–C7 bond is likely attributable to limitations in the experimen-

tal determination of this parameter, as previously noted by Kisiel and co-workers,7 rather
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than a failure of the SE approach. On the contrary, the close match with the BDPCS3

prediction suggests that the SE method provides a more realistic equilibrium geometry for

this structurally constrained bond. Therefore, in our opinion, the newly obtained SE struc-

ture not only confirms the quantum-chemical predictions but also represents a significant

improvement over all previous estimates.

This work provides the complete semiexperimental (rSEeq ) equilibrium structure of norbor-

nadiene and reports the first high-resolution rotational spectrum of norcamphor, enabling

accurate determination of its equilibrium gas-phase geometry. Building on these results, we

validated a reduced-dimensionality semiexperimental approach that achieves spectroscopic

accuracy without requiring full isotopic substitution.

In particular, hydrogen coordinates—unresolvable at natural abundance—are constrained

using either high-level quantum-chemical predictions or transferred from a closely related

reference molecule. This template-assisted refinement, combined with a computationally

efficient black-box treatment of vibrational effects, enables reliable reconstruction of the full

molecular geometry, including all heavy-atom positions.

The methodology presented here offers a transferable and cost-effective framework for

accurate structural determination of medium-sized molecules via rotational spectroscopy.

Its successful application to both norcamphor and camphor demonstrates its robustness

and versatility, paving the way for future extensions to systems with greater functional

complexity, stereochemical diversity, or limited experimental data.
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