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Abstract

The microwave spectrum of n-butyl nitrate was recorded in the 5 to 20 GHz frequency range using
broadband chirp and narrowband pulse excitation molecular jet Fourier transform microwave
spectrometers. A quantum chemistry structural analysis yielded thirteen stable conformers. Among
them, the five most energetically stable conformers were observed in the experimental spectrum. The
most stable conformer features a butyl chain with an anti-gauche-anti conformation (AGA) where the y-
carbon atom is about 64° out of the nitrate plane. For this conformer, spectra of all '*C and '’N minor
isotopologues could be measured. The conformer with a straight butyl chain (AAA), and three other
conformers (GAA, GGA, and AGG) were also observed. Accurate rotational constants, centrifugal
distortion constants, and '*N nuclear quadrupole coupling constants could be deduced and compared to

the theoretical values.

1. Introduction

The alkyl nitrates play an important role in tropospheric chemistry [1-4] and are also an
important class of propellants and explosives [5, 6]. As such, ab initio and density functional theory
calculations have been performed on a number of these compounds to determine their structures, as well
as spectroscopic and thermodynamic properties [7-11]. Room temperature infrared spectra of the alkyl
nitrates are not rotationally resolvable because of the high density of states introduced by the rotational
isomerism of the alkyl chain and the modest barriers separating the conformers [11, 12]. Durig et al.
were able to measure the torsional fundamental mode frequencies and barrier heights between the
conformers for the two simplest alkyl nitrates, methyl and ethyl nitrate, in the far infrared range [13-15].
The microwave spectra of these molecules have been studied [16-18] and their structural parameters
could be determined. True and Bohn measured low resolution microwave spectra of several other small
chain alkyl nitrates [19]. Using relative intensity information at two sample temperatures (25 and —63
°C) and from estimated rotational constants of the conformers, they were able to assign the spectra to
several conformers for each compound.

The microwave spectra of the two lowest energy conformers of n-propyl nitrate, CsH7;NOs, have

been also reported [20]. The conformers are designated anti-gauche (AG) and anti-anti (AA), where
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these labels refer to the dihedral angles J(N-O-C1-C2) and U(O-C1-C2-C3) for each conformer,
respectively. These spectra were measured using narrowband pulse excitation and broadband chirp
excitation Fourier transform microwave (FTMW) spectroscopy, where the molecules were cooled in a
supersonic expansion with argon as the carrier gas. To continue the series of this important class of
compounds, we report here the spectra of five conformers of n-butyl nitrate, C4sHoNO3, measured using
the same techniques, also under jet cooled conditions. The observed conformers are AGA, AAA, GGA,
GAA, and AGG where the relevant dihedral angles are »» = J(N-O-C1-C2), iz = J(O-C1-C2-C3), and
r, = U(C1-C2-C3-C4). For atom numbering, see Figure 1. For the lowest energy AGA conformer, the
spectra of the °N, *C(1), *C(2), '*C(3), and *C(4) isotopologues were measured in natural abundance,
assigned, and fitted. Therefore, select structural parameters for the AGA conformer could be determined,
including two of the dihedral angles. The experimental values of spectroscopic and structural parameters

are compared to those calculated by quantum chemistry.
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Figure 1. Molecular geometries of the five experimentally observed conformers of n-butyl nitrate
optimized at the B2PLYP-D3/aug-cc-pVDZ level of theory. Upper trace for each conformer: structural
view where the NO; group lies in the plane of the page; lower trace: structural view where the NO;

group lies perpendicular to the plane of the page.



2. Methodology

2.1 Quantum Chemical Calculations

To predict the stable equilibrium structures of n-butyl nitrate and their energies, starting
geometries were created by setting each of the three dihedral angles 7 = J(N-O-C1-C2), iz = J(O-CI-
C2-C3), and 1z = J(C1-C2-C3-C4) to 180°, £120°, and 0°. There are thus four values to set for each
dihedral angle, making a total of 4’ = 64 starting geometries, which were optimized at the B3LYP-
D3/aug-cc-pVTZ level of theory using GAUSSIAN 16 [21]. Three starting geometries were eliminated
due to strong steric hindrance. Varying the dihedral angle t; = J(O-N-O-C1) results in configurations
with a gauche nitrate group, which are known to not form local minima and are therefore eliminated
from our conformational search by setting 7; = 0° for all starting geometries. Varying the dihedral angle
75 = (C2-C3-C4-H) corresponds to the internal rotation of the methyl group at the end of the butyl
chain, which does not create new conformers.

The conformational analysis resulted in the identification of thirteen stable conformers, which
were confirmed as true local energy minima by harmonic frequency calculations, obtaining only real
frequencies. These thirteen conformers were re-optimized at the B2PLYP-D3/aug-cc-pVDZ level. The
B2PLYP method, developed by Zhang, Xu, and Goddard [22], performed well in optimizing conformers
of n-propyl nitrate [20] while augmented with Grimme’s dispersion corrections D3 [23]. The rotational
constants, the dihedral angles &, B, 7, the dipole moment components, and energies relative to the most
stable conformer I (AGA), are summarized in Table 1; the Cartesian coordinates can be found in Table
S-1 in the Supplementary Material. As can be clearly recognized from Table 1, all thirteen conformers
are within 5 kJthol™ (ca. 420 cm™) of one another in energy. They all have C; point group symmetry,
except conformer II (AAA) that features a straight butyl chain and belongs to the Cs point group. In the
experimental spectrum, we eventually observed the five conformers lowest in energy, [ (AGA), 11 (AAA),
III (GGA), IV (GAA), and V (AGG). They are illustrated in Figure 1. Anharmonic frequency calculations
were performed on these conformers to access the ground state rotational constants and quartic

centrifugal distortion constants, which will be given below in comparison to the experimental values.



Table 1. Calculated rotational constants A, B, C (in MHz), dihedral angles %, B, & (in degree), dipole
moment components 4, iy, e (in Debye), conformer energies Exmo " (in kJhol ™) and Ecm™ (in cm™)
relative to Eaga = —437.8033644 Hartree of the thirteen conformers of n-butyl nitrate predicted at the
B2PLYP-D3/aug-cc-pVDZ level of theory. The Boltzmann fractional populations are given for the

thirteen conformers at a temperature of 296 K.

Conf. A B C 2 T3 T4 Il ]l el Ewme™  Eaw™ Pop.

I AGA 5581 848 777 179 66 179 3.17 157 0.11 0 0 18.9
I AAA 7989 721 673 180 180 180 3.75 0.69 0.00 0.67 56 14.4
I GGA 3917 1023 978 79 59 180 277 190 0.33 0.78 65 13.8
v GAA 5482 852 813 79 176 179 334 1.02 0.77 1.00 84 12.6
\Y AGG 4112 1004 971 179 60 59 324 146 0.02 1.84 154 8.9
VI GGG 4052 1134 1049 78 55 63 296 137 0.84 2.60 217 6.6
VII  AAG 5857 832 763 179 175 63 383 0.00 0.32 3.19 267 5.2
VIII  GAG 5095 965 888 80 173 65 348 0.75 0.56 3.74 313 4.1
IX GAG’ 6107 888 836 79 179 -63 359 021 044 3.81 318 4.0
X GGA 3524 1167 1033 95 —66 179 265 190 0.72 3.89 325 3.9
X1 GGG’ 3191 1423 1198 75 59 76 277 1.88 048 4.77 399 2.7
Xl GGG 3287 1392 1163 97 70 69 284 151 0.85 4.94 413 25
XII  AGG’ 3978 1109 942 180 76 -67 3.11 173 0.04 5.07 424 24

The nitrate group of n-butyl nitrate features a "*N nucleus with a nuclear spin / = 1, resulting in
hyperfine splittings of all rotational transitions observed in the microwave spectrum, which are
characterized by the nuclear quadrupole coupling constants (NQCCs). To calculate the NQCCs, we used
Bailey’s semi-experimental method [24], where the electric field gradient (EFG) tensor of the "N
nucleus was calculated at the B3PW91/6-311+G(df,pd) level on the molecular geometry optimized at
the B2PLYP-D3/aug-cc-pVDZ level. The EFG tensor is directly proportional to the quadrupole coupling
tensor by the calibration factor eQ/h = —4.5586 MHz/a.u. The results will also be given below in

comparison to the experimental values.



2.2 Experimental

The microwave spectra of n-butyl nitrate were first measured with a broadband chirp excitation
FTMW spectrometer. This instrument is based on the design by Pate and coworkers and has been
described in detail elsewhere [25, 26]. The n-butyl nitrate sample was purchased from MP Biomedicals,
LLC, and was used without further purification. A portion of the chirp excitation spectrum is shown in

Figure 2.
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Figure 2. A portion of the chirp excitation FTMW spectrum of n-butyl nitrate from 7500 to 10500 MHz.
The assigned transitions of the two most stable conformers AGA and AAA are given. The measurement

accuracy is about 10 kHz.

All transitions for all conformers and isotopologues, after being identified from the chirp
excitation spectrum, were remeasured with a narrowband pulse excitation FTMW spectrometer based
on the design of Balle and Flygare because of its greater sensitivity and resolution [27-29].
Measurements were performed in the 5 to 20 GHz range. Briefly, a 1 mL sample of the volatile liquid
sample (boiling point 133 °C; vapor pressure 8.3 Torr at 25 °C) was pipetted into a bubbler in the gas
line leading to the gas pulse nozzle. Dry argon (99.999%, Airgas), with a backing pressure of 1.5 atm,
was bubbled through the sample. This mixture was then expanded through the pulse nozzle into the
Fabry-Perot type resonator of the spectrometer, placed in a chamber that was held under vacuum at 107

Torr. The molecules in the gas pulse undergo supersonic expansion, leaving them rotationally cold at 1-



2 K. Microwave radiation, lasting 0.9 ps, polarizes the sample concurrently undergoing supersonic
expansion. After a delay of 26 us following the radiation pulse, the free induction decay (FID) of the
polarized sample is collected for 102.4 us and digitized. Between a few hundred and a few thousand
FIDs were co-added for each molecular transition, to improve the signal-to-noise ratio proportional to
the square root of the number of co-added FIDs. The measured transitions have an average line width
of 10 kHz with an uncertainty of +1.5 kHz in the center frequency. They appear as Doppler doublets
due to the coaxial arrangement of the molecular jet and the resonator. A typical Balle-Flygare high
resolution spectrum is illustrated in Figure 3. The spectra of the various isotopologues were measured
in natural abundance.

54
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Figure 3. A typical high-resolution pulse excitation FTMW spectrum of the 4,3 « 32, transition of the
parent species of the AGA conformer. The "N nuclear quadrupole hyperfine splittings could be fully

resolved and marked by F’ — F. Doppler doublets observed for all transitions are marked by brackets.

3. Results
3.1 Spectral Assignment and Fitting

We first started the spectral assignment with the most stable conformer I (AGA). Using the
rotational constants predicted at the B2PLYP-D3/aug-cc-pVDZ level of theory, and with the estimates
of the dipole moment components, spectral simulations for this conformer were performed using
Pickett’s spcat program [30, 31]. Microwave transitions of this conformer were quickly found using the

Balle-Flygare resonator instrument. Strong a-type and weaker b-type transitions were observed, but no
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c-type transitions, in agreement with the very small, predicted value of 0.11 D for the c-dipole moment
component. The parameters of a Watson A-reduction Hamiltonian were fitted to the measured transition
frequencies: [20, 30, 31]

H=H; +H, +Hy (1)
where Hyp and Hp account for the rigid rotor and centrifugal (quartic) distortion energies, respectively.

H,, is the nuclear quadrupole coupling Hamiltonian, which is written as: [32-36]

1
Ho = 21(21-1) Z“rﬁ)(“'ﬂ[lw Iﬂ]+ (2)
and then, with some manipulation, can be rewritten in a form appropriate for use with Pickett's spfit

program [30, 31]:

1

H, = {3 [12 112]
Q= 2121 = 1) l2%ea ['a 73

1
+Z(Xbb - ch)[hz- + IE] + Xab [Ialb + Ibla]

tXac [Ialc + Icla] + Xbc[lblc + Iclb]} (3)
where the Y; terms correspond to the components of the nuclear electric quadrupole coupling tensor.
Note that none of the off-diagonal terms could be determined in the case of n-butyl nitrate due to the

small quadrupole moment of the '*N nucleus. Rotational transitions are labeled by quantum numbers of

the form J K . F "] k kP where Fis the total angular momentum quantum number that includes the
atc

nuclear spin and the rotational angular momentum of the molecule, F = I + J. The spectroscopic
constants resulting from the fit are summarized in Table 2. The quantum number assignments, measured
transition frequencies, and observed-minus-calculated residuals are given in Table S-2 in the

Supplementary Material.



Table 2. Molecular parameters of the parent species, as well as all C isotopologues and the "N isotopologue of the AGA conformer of n-butyl nitrate obtained

from least-squares fitting by spfit. Atoms are numbered according to Figure 1.

Par.* Unit 2C BC@) BC(2) BC@3) BC4) 5N Calc.”

Ao MHz 5635.18815(46) 5574.8164(46) 5592.3022(83) 5616.24(55) 5617.3057(88) 5633.37(44) 5540
Bo MHz 854.06500(27) 854.04835(46) 850.12164(39) 846.34689(49) 834.40201(57) 848.85592(46) 838
Co MHz 782.79094(26)  781.62751(48) 779.18725(41) 776.45431(52)  765.92014(56) 778.37753(38) 768
4 kHz  0.11140(53) 0.1102(31) 0.1102(22) 0.1107(45) 0.1068(42) 0.1095(22) 0.10253
Ak kHz  -1.9933(56) -2.00(13) —1.997(80) —-1.9933¢ —1.98(26) —2.02(29) —-1.84056
Ak kHz  19.71703¢ 19.71703¢ 19.71703¢ 19.71703¢ 19.71703¢ 19.71703¢ 19.71703
a kHz  0.01349(30) 0.01349° 0.01349° 0.01349° 0.01349° 0.0132(15) 0.01290
Ok kHz  0.67(13) 0.6711° 0.6711° 0.6711° 0.6711° 0.6711° 0.51247
1.5 Xaa MHz 1.2870(14) 1.28697¢ 1.28697¢ 1.28697¢ 1.28697¢ 1.30220
YVa(xso—xec)*°  MHz —0.21476(56) -0.21476¢ -0.21476¢ -0.21476¢ -0.21476¢ —-0.17680
N' 89 40 45 27 27 19

RMS¢® kHz 0.7 0.8 1.2 22 0.8 0.2

* All parameters refer to the principal axis system. Watson’s A reduction and I' representation were used.
" Ground state rotational constants and quartic centrifugal distortion constants from anharmonic frequency calculations at the B2PLYP-D3/aug-cc-
pVDZ level of theory. NQCCs are obtained with Bailey’s method using the B3PW91/6-311+G(df,pd)//B2PLYP-D3/aug-cc-pVDZ combination and
the calibration factor eQ/h = —4.5586 MHz/a.u. [24].

¢ Fixed to the value of the parent species.

¢ Fixed to the calculated value.
¢ For the parent species, Ya= 0.85798 MHz, Y»» = —0.85851 MHz, and X.c = 0.00053 MHz, derived from the fitted parameters 1.5 Yu« and

V(Yoo — Xec) and the Laplace relation Xaa + Xo» + Yec = 0.

" Number of lines.
¢ Root-mean-square deviation of the fit.
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We then searched for the (AGA) "°C isotopologues in natural abundance using the Balle-Flygare
spectrometer due to its high sensitivity and could observe the spectra of all four *C species in natural
abundance (1.1%), including the hyperfine structures arising from the / = 1 nuclear spin of the N
nucleus. The microwave spectrum of the °N isotopologue, with a natural abundance of 0.8%, could also
be detected. °N has I = ¥ nuclear spin and does not give rise to hyperfine splittings. The molecular
parameters resulting from the least-squares fitting are given in Table 2 along with those of the parent
species. The frequency lists together with the observed-minus-calculated residuals are also available in
Table S-2 in the Supplementary Material. Searches for transitions from the 'O isotopologues were
unsuccessful. No transitions from D isotopologues were observed.

We then searched for the other conformers of n-butyl nitrate in the chirp excitation spectrum
and found transitions for the AAA, GGA, GAA, and AGG conformers. Transitions for these conformers
were subsequently remeasured using the Balle-Flygare resonator instrument to determine the
frequencies with higher precision. The fit results for these conformers are given in Table 3. The
transition frequencies are reported in Table S-3 in the Supplementary Material. We could not confidently
assign any other conformers. No splittings were observed due to internal rotation of the terminal methyl

group on the alkyl chain.
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18

19

Table 3. Molecular parameters of the AAA, GGA, GAA, and AGG conformers of n-butyl nitrate obtained from least-squares fitting by spfit.

Par.? Unit AAA (D) Calc.” GGA (I11) Calc.” GAA (IV) Calc.” AGG (V) Calc.”

Ao MHz  8043.3670(49) 7898 4012.1(19) 3513 5566.1066(22) 5452 4226.6(12) 3920
Bo MHz  727.06170(30) 714  1017.4609(12) 1140 853.81046(42) 840 991.29978(88) 1003
Co MHz  678.50328(31) 666 974.8536(11) 1014 816.02864(40) 802 964.61878(72) 961
A kHz 0.01717(78) 0.01640 0.5654(75) 0.4612 0.1431(25) 0.1303 0.5820(26) 0.5393
Ak kHz 0.220(33) 0.2250 -5.36(83) -2.4226 -2.502(58) -2.2389 -3.693(93) -5.0085
Ax kHz 3.4012° 3.4012 8.2443° 8.2443 26.2848° 26.2848 19.1948° 19.1948
o kHz 0.001183¢  0.001183 0.0839(53) 0.0914 0.0133(26) 0.01201 0.0659(34) 0.0876
Ok kHz 0.03165° 0.03165 -0.3386° -0.3386 0.8772°¢ 0.8772 0.8146° 0.8146
1.5 Xaa MHz 0.876(16) 0.2817°¢ -0.300(20) 1.061(71)

Xaa® MHz 0.584(11)¢ 0.5990 0.1878 -0.200(14)° -0.2195 0.707(48)" 0.7239
Va(Xo—Xec) MHz -0.1482(77) 0.0594°¢ 0.1900(50) -0.122(24)

Xon® MHz -0.588(21) -0.5080 -0.2127 0.480(17) 0.4573 -0.597(71) -0.5580
Xe MHz 0.00 -0.0910 0.0249 -0.280(37) -0.2378 -0.11(17) -0.1660
N°¢ 54 21 66 45

RMS' kHz 0.5 3.5 0.7 3.5

* All parameters refer to the principal axis system. Watson’s A reduction and I' representation were used.
® Ground state rotational constants and quartic centrifugal distortion constants from anharmonic frequency calculations at the B2PLYP-
D3/aug-cc-pVDZ level of theory. NQCCs are obtained with Bailey’s method using the B3PW91/6-311+G(df,pd)//B2PLYP-D3/aug-cc-pVDZ
combination and the calibration factor eQ/h = —4.5586 MHz/a.u. [24].

¢ Fixed to the calculated value.

¢ Derived from the fitted parameter 1.5 Ya« and 0.25(X»»— Xec) and the Laplace relation Xaa + XYoo + Yec = 0.

 Number of lines.
" Root-mean-square deviation of the fit.
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3.2 Structure Determination of the AGA Conformer

For the most stable AGA conformer, we could measure, in natural abundance, six sets of
rotational constants: the parent species, four *C isotopologues, and the '°N isotopologue. The available
information allowed us to determine the heavy atom substitution structure r; using Kraitchman’s
equations [37] as implemented in the programs KRA and EVAL [38]. The signs of the atom coordinates
were taken from the optimized geometry r. given in Table 4 and Table S-1 of the Supplementary
Material and the uncertainties were calculated with Costain’s rule [39]. The experimentally determined
atom coordinates are also reported in Table 4, the bond angles and bond lengths in Table 5. The a-
coordinate of the C(1) atom and the c-coordinate of the nitrogen atom are small and their uncertainties
are larger than the determined values. Therefore, we set these coordinates to zero; i.e., the C(1) atom

lies in the bc inertia plane and the nitrogen atom in the ab plane.
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si Table 4. The r, atom positions of the most stable AGA conformer of n-butyl nitrate obtained from isotopic substitutions with Kraitchman’s equations [37] as
32 implemented in the program KRA [38], as well as the r( atom positions obtained with the program STRFIT [40]. Atom positions from the . geometry optimized

33 at the B2PLYP-D3/aug-cc-PVDZ level of theory are also given.

34

re ro rs
» al A blA c/lA  alA blA cl A al A bl A cl A
C(1) 0.161448 —0.988979 —-0.113111  0.1550(84) -0.9774(24) -0.1187(90) 0.0 —0.9823(15) —-0.106(15)

36

C(2) 1.606465 -0.690831 -0.478402 1.5973(25) -0.6760(41) -0.4808(87) 1.59087(95) -0.6835(22) -0.4769(32)
C(3) 2.292859 0.297586 0.469454  2.2854(18) 0.293(10) 0.4676(90) 2.2813(12) 0.2977(91) 0.4674(58)
C4) 3.754567 0.542654 0.088273  3.7445(10) 0.5328(53) 0.0917(74) 3.74197(40) 0.5387(29) 0.069(22)

37

38 N(5) -1.931683 0.181346 0.029432 -1.9213(12) 0.1791(10) 0.0302(11) -1.9164(13) 0.172(14) 0.0
0O(6) -0.556475 0.265980 -0.292477 -0.5580(76) 0.2650(83) -0.2928(80)
3 O(7) -2.515695 1.231545 -0.122367 -2.5069(56) 1.2288(42) -0.1186(25)

O(8) -2.356079 -0.896796 0.407597 -2.3434(64) -0.9001(48) 0.4082(76)

40

41 Table 5. Bond lengths, bond angles, and dihedral angles deduced from the 7., ; and ry structures of the most stable AGA conformer of n-butyl nitrate.

re ro rs

Bonds lengths / A
C1-C2 1.52000 1.5173(63) 1.6608(35)
C2-C3 1.53184 1.5202(91) 1.5268(73)
C3-C4 1.53034 1.5257(58) 1.5331(62)

Bond angles / ©

C4-C3-C2 112.15999 112.30(74) 111.78(75)
C3-C2-Cl1 113.81851 114.08(73) 114.24(44)

Dihedral angles / °
C4-C3-C2-C1 178.53257 178.20(81) 179.66(67)
C3-C2-C1-N5 64.44932 65.84(87) 63.4(12)

42
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Z(N-C1-C2-C3) = 65.8(9)
Z(C1-C2-C3-C4) = 178.2(9)

Figure 4. Bond lengths (blue, in A), bond angles and dihedral angles (dark red, in degrees) of the ry

structure of the AGA conformer of n-butyl nitrate.

Since only the microwave spectra of the *C and '>N isotopologues could be observed, no
information on the locations of the oxygen and the hydrogen atoms is available, making a complete
structure determination impossible. However, the coordinates of the oxygen and the hydrogen atoms
can be taken from the r. structure calculated at the B2PLYP-D3/aug-cc-pVDZ level and least-squares
fitted with the experimental rotational constants obtained using the program STRFIT [40]. The program
varies the internal coordinates to obtain a minimum value of the squared deviations of all moments of
inertia summed over all isotopologues where experimental values are available. This ry structure is also
shown in Tables 4 and 5 and visualized in Figure 4. The STRFIT output summary is given in Table S-4

in the Supplementary Material.

4. Discussion

In our previous study on n-propyl nitrate, only two conformers were observed: the anti-gauche
AG and anti-anti AA conformers. The other two conformers, GA and GG, that should be local energy
minima were not observed [20]. No far-infrared studies are available and no CHj3 torsional splittings
were observed. In a 1983 low-resolution microwave study, True and Bohn [19] identified four a-type
R-branches of n-butyl nitrate in the 20-25 GHz range. Their spectra, which were observed both at ~
—63°C and 22°C, allowed determination of B + C values and compared these to estimates of B + C based
on the expected dihedral angles of 180 and 60°. In their 1983 study, only the AAA conformer was
confidently assigned with a B + C value of 1408.7(5) MHz; our value for this conformer is

1405.56498(61) MHz (see Table 3). True and Bohn identified a conformer with a B + C value of 1644(3)
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MHz that they labeled as “C.” Our AGA conformer B + C value is 1636.85594(53) MHz (see Table 2).
They identified a third conformer with a B + C value of 1671(2) MHz, which is close to our GAA
experimental B + C value of 1669.83910(82) MHz. They observed a fourth conformer that they labeled
as “B” with a B + C value of 1604.4(5) MHz. This value is not close to any of our experimental or
calculated B + C values. The conformer B was observed to have a slightly weaker microwave absorption
intensity. Therefore, it may be from a vibrational hot band. In addition to the three conformers reported
by True and Bohn, we observed two additional conformers, GGA (B + C = 1992 MHz) and AGG (B +
C = 1956 MHz). The spectra of these are relatively strong compared to the slightly more abundant AAA
conformer owing to their gauche structures that give larger dipole moments along the b and ¢ rotational
axes, and therefore more transitions to observe and fit in their microwave spectra.

The agreement between the calculated and the experimental rotational constants is not
satisfactory for the assigned conformers. Therefore, the structure determination from the *C and "N
isotopologues observed for conformer AGA is very useful because it confirms that the most stable
conformer of n-butyl nitrate has a non-straight butyl chain. The y-carbon atom (counting from the
oxygen atom, C(3) in Figures 1 and 4) is out of the NOs plane and the dihedral angle J(C3-C2-C1-N)
is around 64°. This corresponds well to the value of 65.2(9)° reported for the AG conformer of n-propyl
nitrate. The [(C4-C3-C2-C1) dihedral angle is almost exactly 180°, showing that after being tilted out
at the y-carbon position, the alkyl chain continues being straight. This is quite often observed for short
alkyl chains in other classes of compounds, such as in ketones (hexan-2-one [41]) and esters (n-butyl
acetate [42] and ethyl butyrate [43]).

Examining the calculated dihedral angles for n-butyl nitrate given in Table 1, we see that the
AAA conformer should have a planar heavy atom structure. Though a structure determination is not
possible due to the lack of microwave data from its minor isotopologues, we can check the planarity by
calculating the second moment P.. = (I, + I, — I.)/2. Buschmann et al. have noted that for small, rigid
molecules each CH»/CH3 group contributes about 1.6 uA? to the second moment [44]. This assumes the
nitrate group is planar. For the AAA conformer of n-butyl nitrate, there are four CH,/CH3 groups,

corresponding to 4 x 1.6 =6.4 uA?2. This is close to the value of 6.543 uA? calculated from the observed
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rotational constants and is consistent with heavy atoms of the AAA conformer lying in the ab-plane. A
similar analysis was performed on the AA conformer of n-propyl nitrate [20]. This confirms that the
conformer with the rotational constants A = 8043.3670(49) MHz, B = 727.06170(30) MHz, and C =
678.50328(31) MHz is the AAA conformer.

The assignment of a set of experimental microwave constants to a particular calculated

conformer structure is much less obvious, particularly for the three conformers with weaker spectra. By
comparing the experimental Bg (with £=a, b, ¢) and the calculated Bf rotational constants, as well as
considering the energies of the conformers, we came to the conclusion that they are the conformers
GAA, GGA, and AGG (see Table 6). Note that the calculated Bj constants from geometry optimizations

shown in Table 1 are closer to the experimental Bg constants than the calculated Bg constants obtained
from anharmonic frequency calculations shown in Table 3 due to error compensations. Using a simple
Boltzmann analysis, we calculated the fractional population, at 296 K, of the AGA, AAA, GAA, GGA,
and AGG to be 18.9%, 14.4%, 12.6%, 13.8%, and 8.9%, respectively, as given in the last column of
Table 1. They are the five most stable conformers, and it is not surprising that they could all be observed.
Since it is possible that the AGG conformer relaxes into the most stable AGA conformer during the
supersonic expansion, as observed for ethyl butyrate [43], we calculated a potential energy curve
containing the conversion of AGG to AGA by changing the dihedral angle 7z = J(C1-C2-C3-C4) in 10°
steps, as shown in Figure 5. The energy required to convert conformer AGG to conformer AGA is 10.76
kJihol™ (899.5 cm™). This is a high barrier to overcome, and therefore AGG should remain populated
in the jet-cooled spectra of n-butyl nitrate. We note that there are still unassigned lines remaining in the
chirp excitation spectrum. It is thus possible that also other higher energy conformers are present, but

we could not achieve a confident assignment for any of them.
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Table 6. Experimental (Expt.) and B2PLYP-D3/aug-cc-pVDZ calculated (Calc.) rotational constants A,
B, and C (in MHz) of the five observed conformers of n-butyl nitrate. The differences between the

calculated and the experimental values (in MHz) are given as 4A, 4B, and AC.

Conf. A JA B /B C AC
AGA Calc. 5581.1 848.1 776.7
AGA Expt. 5635.2 54.1 854.1 6.0 782.8 6.1
AAA Calc. 7988.5 721.2 673.7
AAA Expt. 8043.4 54.9 727.1 5.9 678.5 4.8
GGA Calc. 3916.9 1022.6 978.4
GGA Expt. 4012.1 952 1017.5 -5.1 9749 35
GAA Calc. 5482.4 852.0 813.0
GAA Expt. 5566.1 83.7 853.8 1.8 816.0 3.0
AGG Calc. 4112.5 1004.3 971.5

AGG Expt. 4226.6 114.1 9913 -13.0 9646 -6.9
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Figure 5. The potential energy curve of n-butyl nitrate obtained by varying the dihedral angle z = 0(C1-
C2-C3-C4) in a 10°-grid. All other geometry parameters were optimized at the B2PLYP-D3/aug-cc-
pVDZ level of theory. Energies relative to the lowest energy conformations are given. The potential

curve captures conformer AGA (I, observed), AGG (V, observed), and AGG ’(XIII, not observed).

Concerning the NQCCs, a direct comparison between the differently oriented conformers as
well as with the AG and AA conformers of n-propyl nitrate is not possible because of the different
principal axis systems. However, we can directly compare the X.. values of the AAA conformer of n-

butyl nitrate and the AA conformer of n-propyl nitrate since they both possess an ab-symmetry plane.
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Therefore, one principal axis of the nitrogen coupling tensor is collinear with the c-principal axis. We
find a value of almost zero in both cases. Note that the same situation is observed for the AGA conformer
of n-butyl nitrate and the AG conformer of n-propyl nitrate, though the values could not be directly
compared. Our intuitive explanation is that for these conformers, the electronic wavefunction

environment of the nitrogen nucleus is very symmetric within the ab-plane of the molecule.

5. Conclusions

We identified the five most stable conformers of n-butyl nitrate under molecular jet conditions using
broadband chirp as well as narrowband pulse excitation FTMW spectroscopic techniques. The rs and ro
structures of the most stable conformer, AGA, could be determined from the observation of all '*C and
the "N isotopologue spectra, confirming that the n-butyl group is not straight, but tilted out from the
NOs plane at the y-carbon atom position by about 64°. The second conformer, AAA, features a C
symmetry where all heavy atoms lay on the ab-plane and the X.. value of the nuclear quadrupole
coupling tensor is zero. The identification of other conformers was based on comparison of the

experimental fit constants with the calculated rotational constants as well as the relative energies.
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