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New analysis and spectra are reported for the gas-phase ammonia-formic acid complex. Calculations to deter-
mine the theoretical barrier to internal rotation were conducted and led to the new internal rotation analysis of
the dimer. Using the new analysis and calculations, 12 new lines were measured and assigned and included in the
present analysis. This is the first internal rotation analysis for this complex. The measurements were made in the
7-22 GHz range using two Flygare-Balle type pulsed beam Fourier transform microwave (FTMW) spectrometers.
The complex was analyzed as a hindered rotor and 20 A and 16 E state transitions were fit with the XIAMS5
program. The rotational constants were determined to have the following values: A = 11970.19(9) MHz, B =
4331.479(4) MHz, and C = 3227.144(4) MHz. Rotational constants, quadrupole coupling constants, and internal
rotor parameters were fit to the spectrum. Double resonance was used to verify line assignments and access
higher frequencies. The barrier to internal rotation was found to be 195.18(7) cm ™. High level calculations are

in good agreement with experimental values. The calculated V3 barrier values range from 168.3 to 212.8 cm

-1

1. Introduction

Microwave spectroscopy has been used to study large amplitude
motion in the gas phase due to the ability to characterize barrier heights.
Hindered internal rotation has been previously observed for a variety of
rotors. Examples include methyl rotors[1-6], hydroxyl rotors [4,7,8],
thiol rotors [8], and ammonia rotors[9-13]. Examples of internal rota-
tion in ammonia heterodimers include ammonia-water [11,12],
ammonia hydrogen sulfide [13], ammonia-carbon dioxide [9],
ammonia-methanol [14], and ammonia-nitrous oxide [10]. More ref-
erences for ammonia heterodimers were listed by Stew Novick [15]. In
many of these studies, ammonia was determined to be nearly a free rotor
with barriers of 12.5 cm™! for NH3-N20'° and 10.5 em ™! for NH3-H,0''.
These studies provide more information about long-range hydrogen
bonding interactions and barriers to internal rotation.

Ammonia and formic acid are good representative molecules to study
the weak interactions between carboxylic acids and nitrogen bases in the
gas phase. Ammonia dimer has been the subject of multiple microwave
spectroscopy studies [16-18], showcasing ammonia’s hydrogen
bonding ability. The ammonia dimer has also been observed in VRT
spectra [19] and calculations published [20]. Current models have dif-
ficulty characterizing weak interactions important in many hydrogen-
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bonded systems [15]. Providing experimental results in complexes like
those between ammonia and formic acid is crucial to improving mo-
lecular models, which can then be applied to other systems.

Previous measurements of ammonia-formic acid dimer have been
obtained using infrared spectroscopy, characterizing the complex as
singly-hydrogen bonded [21]. Our previous measurements of this dimer
in the microwave range [22] showed two internal motion states and
were interpreted as evidence for large amplitude internal motion. It was
not clear at the time whether the motion was due to concerted proton
tunneling or hindered internal rotation. Many predicted transitions were
missing from the spectrum, and further experimentation was pursued to
explain the data. This became an interesting interplay between the ex-
periments and calculations. The calculations predicted a fairly low in-
ternal rotation barrier for NH3 rotation relative to the formic acid frame.
Analysis of previously measured [21] transitions led to predictions of
many more transitions. We now include 12 new lines associated with the
A and E internal rotation states in the analysis below. The present work
details an analysis of the torsion-rotation spectrum of the formic acid -
ammonia complex. No previous internal rotation analysis has been
published for this complex.(See Fig. 1).
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2. Computational

New high-level calculations were done for the FA-NH3 complex to
obtain vibrationally averaged structures, rotational constants and
quadrupole coupling parameters. Calculations were also made for the
hindered internal rotation of the NH3 molecule in the complex. Com-
putations were performed on the University of Arizona HPC Puma sys-
tem using Gaussian G-16 [23] with 94 cores and using 470 GB of
memory. Methods were chosen which gave good structural parameters
in previous microwave work. The methods were MP2 [24] and DFT with
B3LYP[25] and M11 [26] and CCSD [27]. The basis sets were aug-cc-
pVQZ [28], cc-pVQZ[29], and def2QZvpp [30]. For B3LYP, slightly
better results were obtained using the “EmpiricalDispersion = GD3”
keyword. For the Gaussian-16 suites (G-16), the keyword “output =
picket” provided microwave parameters, A, B, C, and quadrupole
coupling constants for N-14. The vibrationally averaged parameters are
obtained using the keyword “freq = anharm”.

For the internal rotation calculations, the dihedral angle 02-O1-N1-
H4 was scanned from O to 360 degrees with optimization with the
dihedral fixed. The energy plot obtained from this scan is shown in
Fig. 2. This shows a V3, 3-fold barrier to the internal rotation.

This scan, using B3LYP/aug-cc-PVQZ EmpiricalDispersion = GD3
yields a Vs barrier of 212.8 cm™!. From the M11/def2Vpp calculation
the V3 barrier is 212 cm™*. For MP2/ aug-cc-pVQZ the calculated barrier
is 168.3 cm™'.

The calculated rotational constants and other parameters of interest
are provided in Table 1. The equilibrium rotational constants are A, Be
and C. and vibrational averaged (v = 0) values Ag, By and Cy. The
method B3LYP with the aug-cc-pVQZ basis set with GD3 empirical
dispersion for the v = 0 vibrational state yielded estimates of ammonium
formate rotational constants closest to the experimental values. The
vibrational averaged values were obtained using freq = anharm in the G-
16 calculations. Vibrational averaging for the v = 0 level improved the
results for the B3LYP and M11 calculations.

The calculated barrier to concerted proton tunneling using B3LYP/
aug-cc-pVQZ-GD3 is 3395 cm™l. Since this barrier is substantially
higher than the internal rotation barrier, it now appears that the pre-
vious discrepancies and extra features in the spectrum are due to the
internal rotation. For comparison the barrier to proton tunneling in the
simplest carboxylic acid system studied, DCOOH—HCOOH, was calcu-
lated to be 2500 cm ™! [31].

3. Experimental

A hindered rotation analysis of the previously measured transitions
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was made using the XIAM5 program [32], which is an improved version
of the original XIAM [33] program. Using results from this fit, searches
were made for new internal rotor transitions. Microwave measurements
were made using Flygare-Balle-type spectrometers as described in the
previous ammonia-formic acid paper[16]. Direct measurements were
made in the 14-17 GHz range and double resonance measurements were
made between 15 and 22 GHz. We have measured, assigned and
included 12 new lines associated with the A and E internal rotation
states in the analysis.

A brief description of the experiment is given here. A sample of
commercially available ammonium formate was heated in a glass cell to
40-50 °Cunder 1 atm of argon. At a rate of 2 Hz, the sample was injected
into a pulsed beam microwave cavity. Direct measurements were first
made at 14.3 GHz. For the current data collection routine, several
hundred valve pulses were obtained for each line spectrum. For our
multi-FID program we use 4 acquisitions per valve pulse. An acquisition
can be defined as a microwave stimulating pulse followed by the
recorded free induction decay signal. A representative spectrum is given
in Fig. 3. Due to the double side band detection, signals were obtained
from lines above and below the stimulating signal. Experimental line-
widths are typically 20 KHz, but the lines in Fig. 3 are 40 kHz wide from
partially resolved structure.

Double resonance was used to detect the b-dipole transition pre-
dicted to be at 15.1 GHz. While monitoring 7564.591 MHz (A state: 19;F
=1 — 0goF = 0), two characteristic interference signals were observed at
15240.52(10) and 15240.84(10) MHz corresponding to connections
made with the same ground state (0goF = 0). These transitions are shown
in Fig. 4, and listed in Table 2. The reported signal is the ratio of inte-
grated area of the pump signal (monitored signal 7564.591 MHz) with
the probe frequency off to the signal ratio with probe frequency on. This
ratio is close to one off resonance and exceeds one as we near resonance.
The pump signal is reduced on resonance. Steps of 1 kHz, 20 acquisitions
per step at the monitored frequency were used to construct Fig. 4.

Efforts to measure this transition for the E-state were unsuccessful. It
is believed that nearby modes at 14.6 GHz interfere with this double
resonance acquisition.

Measured transitions are listed in Table 2 and include 20 A-sym-
metry type and 16 E-symmetry type. Both a-dipole and b-dipole tran-
sitions were found, but no c-dipole transitions.

4. Analysis
The assignments included in our previous work on the complex were

used as the starting point for the current measurements. Using the pre-
viously fitted rotational constants and the calculated values for FO, delta,

b

Fig. 1. Structure of the FA-NH3 complex showing the NHj internal rotation axis. The complex is shown in Fig. 1. The principal axes are shown, a-red, b-green, c-blue.
(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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Fig. 2. Energy scan plot for the dihedral angle 02-O1-N1-H4. a) shows the higher energy rotamer and b) shows the minimum energy rotamer.

Table 1

The experimental and calculated parameters of ammonium formate. Frequencies are in MHz. 31 transitions were fit. The equilibrium rotational constants are A., B. and
C. and vibrational averaged (v = 0) values Ay, By and Co. 1. Experimantal column gives results of the XIAMS fit. GD3 is for Empiracal Dispersion = GD3.

Parameter 1. Experimental 2. B3LYP 3. M11 4. MP2 5. MP2 6. CCSD
Basis set - aug-cc-pVQZ-GD3 def2-QZVPP cc-pVQZ aug-cc-pvVQZ aug-cc-pVDZ
A - 11931.447 11964.172 11887.191 11881.504 11733.019
B - 4426.4507 4510.546 4495.098 4489.216 4275.553
Ce - 3285.3285 3334.325 3318.898 3315.347 3187.103
Ag 11970.19(9) 11953.052 11954.810 - 11922.622 -

By 4331.478(4) 4347.711 4443.811 - 4385.406 -

Co 3227.144(4) 3238.220 3291.526 - 3255.584 -

1.5 yaa (N) —0.960(14) —0.7650 —0.639 —0.660 — 0.6695 —0.798
0.25(7bb- ¥ec)(N) —0.7155(63) —0.925 —1.0383 —0.859 —0.839 0.789
Xab(N) Fixed 2.7 2.73521 2.935 2.529 2.488 —2.478
1a(Debye) - 2.557 2.324 2.515 2.489 2.361
up(Debye) - 0.320 0.356 0.191 0.225 0.259
uc(Debye) - 0.0001 0.0002 0.0004 0.0006 0.0005
Vs(cm-1) 195.18(7) 212.8 211.8 - 168.3 -

o(kHz) 13.2 - - - - -

and the Vg3 barrier, the internal rotor spectrum was predicted using
XIAM [28]. The predicted value for the E state 215 — 177 transition was
used to locate the missing transition. Using the previous two-state fit, the
E state 219 — 117 was predicted at 14015 MHz, while XIAM predicted the
transition at 14200 MHz. The region of 13485-14596 MHz was scanned,
and a signal showing quadrupole splitting at 14308 MHz was the closest
transition to the predicted E state 212 — 1717. The signal at 14308 MHz
was directly measured and used in the internal rotor fit to predict the E
state 277 — 1y at 15919 MHz. When the surrounding region was
scanned, a signal with quadrupole splitting was located at 15923 MHz.

The initial internal rotor prediction estimated the A state 0gg — 111
transition at 15241 MHz. For some transitions,the internal rotor pre-
diction does not vary significantly from the two-state prediction which
places the transition at 15244 MHz. Previous searches for the transition
were unsuccessful due to the insufficient strength of the b-dipole at
about 0.2 Debye. Only noise spectra were seen using the normal single-
resonance method in this region. New double resonance measurements
located the transition at 15241 MHz.

A final internal rotor fit was made using XIAM5 containing 20
transitions in the A state and 16 transitions in the E state. The transitions
include a-dipole and b-dipole lines measured directly or by double
resonance. Double resonance was primarily utilized to observe weak b-

dipole transitions or a-dipole frequencies out of our capabilities for
direct measurement. Double resonance also verified a-dipole assign-
ments originally. The fitted parameters obtained from the analysis are
shown in Table 3.

5. Discussion

The spectra measured for two states of the FA-NH3 complex are
assigned to the A and E symmetry states of a V3 hindered rotor. The fit to
the measured spectrum (Table 2) is very good for a hindered rotor. The
correlation between V3 and FO in the fit is high so uncertainties in those
parameters are estimated to be 30 or greater. The angle delta and top
moment Ia (1/F0) were obtained from the calculated equilibrium
structure and the values are similar to the present experimental values.
Calculated values are delta = 0.875 rad and FO = 186.1 GHz for the
equilibrium structure. The deviations could result from wobbling of the
top axis relative to the a-axis of the complex. Examining the G-16 scan
reveals that the angle delta oscillated between 40° and 50° as the NH3
rotates. This motion can contribute significantly to effective values of
delta and FO in the XIAMS fit.

The changes in the nitrogen atom electronic environment can be
determined by comparing the experimental value of eQq,, to the
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Fig. 3. Two quadrupole components near the stimulation frequency of 14308.200 MHz for the 2;5 — 177 E state transition. Line frequencies are 14308.093(10) MHz
(F =2 — 1) and 14308.442(10) MHz (F = 3 — 2), observed with 150 valve pulses. This is a plot of intensity vs. frequency offset in kHz.
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Fig. 4. Two quadrupole components detected by double resonance. Monitoring the A-state 19;F = 1 — 0goF = 0 (7564.591 MHz), scanning the 11;F = 0 — 0goF =
0 (15240.52(10) MHz) and 117F = 1 — 0goF = 0 (15240.84(10) MHz) transitions. The y-axis is the ratio of the integrated area of the monitored transition (pump
signal) without the probe signal to the integrated area of the monitored signal with the probe signal on. The probe frequency is scanned in 1 kHz steps, with 20

acquisitions of the monitored signal per step.

nitrogen experimental quadrupole tensor for ammonia. The experi-
mental value for free NHs is eQqe. = — 4.09 MHz [34]. First, the angle
between the c-axis of ammonia and the a-axis of the ammonia-formic
acid complex was determined to be 50.14°. This is the same as the
angle delta in the XIAMS fit. Using this angle in the a-b plane of the
complex, the ammonia nitrogen quadrupole tensor was rotated from the
ammonia principal axis system to the ammonia-formic acid complex
principal axis system. This was accomplished with a matrix rotation
program (MATROT). The resulting calculated nitrogen quadrupole
a-axis component is — 0.63 MHz. This is very close to the experimental
€QQaa OT yaa = -0.640 MHz. The barrier to internal rotation has been fit
to 195.18(7) cm ! which agrees very well with calculations made (168
em ' —212 cmfl). This barrier is an order of magnitude smaller than
the calculated double proton concerted motion originally proposed to
explain the two states observed. The binding energy of the
formic-ammonia complex is estimated to be 3395 cm™ L.

6. Conclusions

The gas phase ammonia-formic acid dimer was analyzed as a low-
barrier internal rotor and further microwave spectroscopy measure-
ments were made. The spectrum reveals hydrogen-bonded dimer with A
and E internal rotor states, and 12 new transitions were measured. The
V3 barrier was determined to be 195.18(7) c¢m L. The internal rotation
axis nearly coincides with the hydrogen bond with the H atom on formic
acid. The second hydrogen bond is responsible for the V3 barrier to the
hindered rotation. Double resonance was employed to extend our fre-
quency range and detect weak b-dipole transitions, and to verify
assignments.
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Table 2
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Quantum numbers and line frequencies (MHz) for the XIAMS analysis. The 12 newly measured transitions are indicated in the last column by N, previously reported

transitions are marked o.

“ J’ K- K+ J K- K+ 2F 2F Sym obs (MHz) o-c(MHz) error new
1: 1 0 1 0 0 0 2 2 /A 7564.3975 0.0189 0.010 o
2: 1 0 1 0 0 0 4 2 /A 7564.5911 0.0171 0.010 o
3: 1 0 1 0 0 0 0 2 /A 7564.8857 0.0190 0.010 o
4: 1 K 0 0 K 0 2 2 /E 7539.9712 —0.0192 0.010 o
5: 1 K 0 0 K 0 4 2 /E 7540.1563 —0.0143 0.010 o
6: 1 K 0 0 K 0 0 2 /E 7540.4302 —0.0104 0.010 o
7: 2 0 2 1 0 1 4 4 /A 15016.7239 0.0025 0.010 o
8: 2 0 2 1 0 1 2 0 /A 15016.8560 0.0086 0.010 o
9: 2 0 2 1 0 1 6 4 /A 15016.9908 0.0001 0.010 o
10: 2 0 2 1 0 1 2 2 /A 15017.3354 —0.0002 0.010 o
11: 2 K 0 1 K 0 4 4 /E 14977.1289 0.0132 0.010 o
12: 2 K 0 1 K 0 4 2 /E 14977.2832 —0.0127 0.010 o
13: 2 K 0 1 K 0 6 4 /E 14977.3916 0.0223 0.010 o
14: 2 K 0 1 K 0 2 4 /E 14977.5078 —0.0023 0.010 o
15: 2 K 0 1 K 0 2 2 /E 14977.6982 0.0079 0.010 o
16: 2 1 1 1 1 0 2 2 /A 16238.1576 —0.0004 0.010 N
17: 2 1 1 1 1 0 4 2 /A 16238.7031 —0.0046 0.010 o
18: 2 1 1 1 1 0 6 4 /A 16238.8781 —0.0014 0.010 o
19: 2 1 1 1 1 0 4 4 /A 16239.2254 —0.0074 0.010 N
20: 2 1 1 1 1 0 2 0 /A 16239.4688 —0.0020 0.010 o
21: 2 K -1 1 K -1 2 2 /E 15923.4606 0.0073 0.010 N
22: 2 K -1 1 K -1 6 4 /E 15923.9505 —0.0014 0.010 N
23: 2 K -1 1 K -1 2 0 /E 15924.2813 —0.0094 0.010 N
24: 2 1 2 1 1 1 4 4 /A 14018.2634 —0.0150 0.010 o
25: 2 1 2 1 1 1 4 2 /A 14018.6037 —0.0044 0.010 o
26: 2 1 2 1 1 1 6 4 /A 14018.8262 —0.0148 0.010 o
27: 2 1 2 1 1 1 2 2 /A 14019.4922 0.0089 0.010 o
28: 2 K 1 1 K 1 4 4 /E 14307.9464 0.0077 0.010 N
29: 2 K 1 1 K 1 4 2 /E 14308.0925 —0.0010 0.010 N
30: 2 K 1 1 K 1 6 4 /E 14308.4418 —0.0035 0.010 N
31: 2 K 1 1 K 1 2 2 /E 14308.8750 —0.0066 0.010 N
32: 1 1 1 0 0 0 2 2 /A 15240.5200 —0.0250 0.100 N
33: 1 1 1 0 0 0 4 2 /A 15240.8400 —0.0347 0.100 N
34: 3 1 3 2 1 2 8 6 /A 20960.9500 0.0418 0.100 o
35: 3 0 3 2 0 2 8 6 /A 22252.5300 —0.0044 0.100 o
36: 3 K 0 2 K 0 8 6 /E 22210.1500 0.1762 0.100 N

Table 3
Molecular parameters from the XIAMS analysis. The standard de-
viation for the fit is SD = 0.013 MHz.

Molecular parameter Value (error 1 6 )
A (MHz) 11970.19(9)

B (MHz) 4331.479(4)

C (MHz) 3227.144(4)

FO (MHz) 217473(89)

Vs (em ™) 195.18 (7)

F (MHz) 225831.062 {fixed}
delta (radians) 0.79874 (6)

D; (kHz) 9.37(42)

Jaa (MHz) —0.6397(95)
Job™ Xee (MHZ) —2.862(25)

Xab (MHz) 2.7 {fixed}
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