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Abstract

The gas-phase doubly hydrogen-bonded formic acid-ammonia complex was
obtained by heating a sample of ammonium formate in neon. High-level DFT and MP2
calculations with various basis sets were performed and barriers for proton tunneling
and internal rotation were determined. The microwave spectrum was measured in the 7-
16 GHz frequency range using a Flygare-Balle type pulsed beam Fourier transform
microwave (FTMW) spectrometer. Double resonance transitions were observed near 20
GHz. Rotational transitions were measured and fitted for two vibrational states to obtain
the rotational constants and quadrupole coupling constants. The rotational constants
were (JN) determined to have the following values: A = 12017.0(2), B = 4337.331(2),
and C = 3227.279(2) for the 0* state and A = 12017.0, B = 4302.02(1), and C =

3238.161(1) for the O state and have been fit to 16 transitions and 9 transitions
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respectively. Each state was fit to a rigid model showing quadrupole splitting and

compared with computations.

1. Introduction

We report the first measurements of the gas phase dimer consisting of formic acid
and ammonia. The structure is most consistent with the microwave absorptions made
from 7.5 GHz to 22 GHz. This complex is a doubly hydrogen-bonded dimer that exhibits
evidence of a large amplitude motion through double proton tunneling. To our
knowledge, this is the first evidence of a complex with hydrogen bond donation by a N-

H group showing proton exchange studied by microwave spectroscopy.

Doubly hydrogen-bonded complexes can provide simple models for hydrogen
bonding present in DNA base pairs. The DNA base pair A-T, with two hydrogen bonds,
and G-C, with three hydrogen bonds, both have N-H hydrogen bonds. Microwave
measurements on the formic acid-ammonia complex provide another opportunity to study
the structure and dynamics of a doubly H-bonded complex with N-H bonds and Cav(m)
symmetry. Doubly hydrogen-bonded carboxylic acids with C2v(m) symmetry' can exhibit
interesting tunneling dynamics. The Cav(m) symmetry for the complex makes the two O
atoms in the complex equivalent. The simplest carboxylic acid system observed using
microwave spectroscopy, the HCOOH—DCOOH? (AD) dimer and other carboxylic acid
complexes, propiolic acid — formic acid,>*% nitric acid — formic acid®, benzoic acid — acetic
acid’ and acetic acid — formic acid® have the Czv(m) symmetry and have been shown to

exhibit resolvable concerted proton tunneling splittings in microwave spectra. Without the



Cav(m) symmetry, tunneling splittings have not been observed. No tunneling splittings
were reported for formic acid-formamide,® 1,2-cyclohexanedione-formic acid' |,
cyclopropanecarboxylic acid-formic acid,!" or the maleimide — formic acid complex.'?
Since the publication of the (JN) formic acid—argon dimer,'® many gas phase
dimers of formic acid have been used to study strongly bound complexes that exhibit
interactions with biological relevance. The structure of the formamide—formic acid
complex® was consistent with a N-H --- O bond, but no evidence of tunneling was
observed. The only amine published with formic acid, the (JN) trimethylamine—formic
acid dimer, (JN) consists of only one hydrogen bond along the C-O-H --- N, and the

authors did not report any evidence of tunneling.'

Ammonia is considered to be the only base in the atmosphere and several studies
have been published to analyze the structure and reactive pathways with carboxylic
acids.'1® To date, only infrared spectroscopy has been used to study the complex of the
ammonia—formic acid dimer'’. In that study, the complex is modeled as a singly
hydrogen-bonded complex leading to proton transfer to produce ammonium formate.
Proton tunneling dynamics has been proposed to be an important aspect of mutation in
DNA base pairs'®'® and continues to drive studies since the observation of double
hydrogen exchange in the formic acid dimer using infrared spectroscopy?® and the first

observation in propiolic acid — formic acid dimer using microwave spectroscopy.®

The microwave spectrum of ammonia has a special place in spectroscopy and the
ammonia dimer has been the focus of many studies due to the ambiguity of the gas phase
structure.?'222324 The result of our work indicates that ammonia is not only capable of

hydrogen bonding but will undergo double proton exchange in symmetric environments.



The classic double-well and the structures of the equilibrium and transition states are

shown in Figure 1.

*3928 cm™

Figure 1. (KR) Double-well potential showing the stable asymmetric state and the
transient, higher energy symmetric state. The potential energy difference between the
structures is the barrier to double proton tunneling.  * value obtained from B3LYP/6-

311++G** calculations

2. Experimental

Initial measurements of rotational transitions were obtained for the formic acid-ammonia
dimer system in the 7.5-16.2 GHz range using the Flygare-Balle type pulsed-beam
Fourier transform microwave spectrometer that was previously described at the

University of Arizona.?®> Final measurements were made using a recently constructed



Flygare-Balle type pulsed beam Fourier transform microwave spectrometer fitted with a
coaxial valve in a fixed mirror. The control program was written in LabView to manage
the precise timing of multiple free induction decay (multi-FID) acquisitions with a
Picoscope 2204A. A National Instrument 6602 timing pulse board was used to produce
the four 1-microsecond pulses spaced by 100 microseconds that were sent to the
microwave switch (Herley-MDI MD-012C044) and then traveled via coaxial cable into
the cavity resonator. The entire 400-microsecond window is digitized at 6.125 MHz.
One acquisition is composed of two microwave pulses: one with and one without a
valve pulse. (JN) The difference between these pulses is sliced into 4 sections and
added together in software. The mode is tracked using a National Instrument 6024 card
digitizer that records the response of the reflected microwave signal using a homodyne
mixing circuit described earlier.?> Results from the scans were analyzed using a signal
processing program written in MATLAB to visualize the results from scans that include
several hundred files. Measurements reported in this paper were saved at multiple
frequencies and the doppler doubled signals were measured in an analysis program
using the results of a fast Fourier transform and reported as the average of the doppler
components. An example of the recorded spectrum with a microwave frequency of

15017.2 GHz is given in Figure 2.
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Figure 2. Direct Measurement of two components of the 202> 101 transition with doppler
doubling present taken using a microwave stimulation frequency of 15017.2 MHz.
Formic acid-ammonium salt (Ammonium formate) (97%) was purchased from
Sigma-Aldrich and used without any further purification. To produce the vapor pressure
required for sufficient signal strength, the formic acid-ammonium salt was loaded into a
glass sample cell that was heated to about 35 °C. One end of the sample cell was
connected to the pulsed valve of the microwave spectrometer, and the other end was
connected to a gas-handling system that used argon as the carrier gas. The system
was maintained at a backing pressure of 1 atm. The pressure inside the cavity of the
spectrometer was maintained in the range of 10 torr to 10~ torr using a diffusion pump.
Using a General Valve pulsed valve mounted to the fixed mirror, the molecules were

pulsed into the chamber at a frequency of 2 Hz.

To measure rotational transitions in the range of 20.9-22.2 GHz, the method of
microwave-microwave double resonance was used?®. For this method, a secondary
system is required which consists of an HP8673 synthesizer controlled by a new
National Instruments’ LabVIEW program. This program controls the synthesizer to
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introduce the probe signal through microwave cabling and is connected to a microwave
horn position above the diffusion pump pointed at a 90-degree orientation to the coaxial
molecular beam. The result from the original multi-FID signal is split and passed to a
Picoscope 5302 digitizer. The same signal processing mentioned previously is
performed to extract the molecular signal from the background. The fast Fourier
transform is analyzed with and without the secondary microwave signal present (two
channels), and the result of each is analyzed in three different ways by plotting the
following: ratio of maximum values, ratio of integrated values (signal strength vs
frequency in the range covering the doppler doublet) and ratio of sums (signal strength
summed across the range covering the doppler doublet) vs frequency. All three are
plotted as the ratio of the secondary microwave source OFF to the secondary
microwave ON vs frequency and used to assign the resonant frequency. An example
highlighting the efficacy of the double resonance instrument in connecting rotational
transitions is shown in Figure 3, which depicts a double resonance experiment
connecting the signals of 15017 MHz and 7564.6 MHz that share the common energy
level, 101 F=1. Both synthesizers used in double resonance were referenced to a quartz

oscillator tuned to a standard Rubidium 10 MHz source.
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Figure 3. (JN) Spectrum showing the result of microwave-microwave double resonance
confirmation that the signals of 7564.6 and 15017 share a common energy level, 101 F=

1. Power used in the probe (scanned) (15.017 GHz) was 13 dBm.

3. Computational

Structural parameters, rotational constants, the barrier to tunneling, and binding
energy were calculated using Gaussian G-16%" on the University of Arizona HPC
system. The calculations were done on the Ocelote HPC, 28 processor system using
268 Gb of memory. For the Gaussian-16 suites (G-16), the keyword “output=picket”

provides microwave parameters. These parameters include A, B, C, and quadrupole



coupling constants for N-14. Methods used for the calculations below are B3LYP?,

B97D2°, M1130, wB97XD3', MP232, and M0633. The basis sets utilized below are 6-

31G*3, 6-31++G**3%, 6-311++G**36, def2-QZVPP?, aug-cc-pVDZ*®, aug-cc-pVTZ*,

aug-cc-pVQZ*, cc-pvVDZ*', and cc-pVTZ*2. The calculated rotational constants and

various parameters of interest are provided in Table 1. Notably, the method B3LYP with

the 6-311++G™* basis set yielded estimates of ammonium formate rotational constants

closest to the experimental values.

Results of the calculations are shown in Tables 1 And 2. (below):

Table 1. (KR) The experimental and calculated parameters of ammonium formate.

Frequencies are in MHz.

1. Experimental

2. Experimental

Parameter 3.B3LYP | 4.B97D | 5. M11 6.B97D | 7.wB97XD | 8. MP2 | 9. MP2
(lower state, 0) | (upper state, 07)

Basis set - - a b C d e f d

Number of

fit 16 9 - - - - - - -

transitions

A 12017.0(3) 12017.0(2)* 12003.9 11723.2 | 11963.2 | 11852.3 | 11781.8 11801.8 | 11882.9

B 4337.331(3) 4302.02(8) 4289.9 4422.8 4511.9 43844 4617.4 4517.0 4492 4

C 3227.279(3) 3238.16(7) 3214.9 3268.0 3335.0 3256.5 3377.5 3324.1 3317.2

1.5 yaa (N1) | -0.9608(102) -0.8896(610) -1.22 -0.76 -0.64 -0.87 -0.45 -0.55 -0.67




0.25Cz0b- -0.72490(538) -0.830(249)

-0.85 -0.82 -1.04 -0.87 -0.95 -0.88 -0.84
Xee)(NT)
Ha(Debye) - - -2.82 -2.85 -2.32 -2.84 -2.77 -2.53 -2.49
un(Debye) - - -0.24 -0.23 -0.36 -0.27 -0.07 -0.13 -0.22
Xaa(N1) -.64(1) -0.56(4) -0.81 -0.50 -0.43 -0.62 -0.30 -0.37 -0.45
ob(N1) -1.1(1) -1.4(4) -1.29 -1.38 -1.86 -1.43 -1.74 -1.57 -1.46
xee(N1) 1.8(1) 1.9(4) 2.10 1.89 2.29 2.05 2.04 1.94 1.90
o(kHz) 61 333 - - - - - -
a. 6-311++G** b. aug-cc-pVDZ c. def2-QZVPP d. aug-cc-pvVQZ e. 6-31G* f. cc-pVTZ

* fixed to lower, Ot state

All errors reported were obtained using PIFORM avaliable at http://www.ifpan.edu.pl/~kisiel/asym/asym.htm#piform(AD)

Table 2. Energy comparison between optimized symmetric and asymmetric structures

to calculate the barrier to proton tunneling.

Symmetric Asymmetric Barrier (symmetric energy -
Method/basis set energy (hartrees) | energy (hartrees) | asymmetric energy) (cm™1)
B3LYP/6-311++G** | -246.4115 -246.4294 3928.113
M11/cc-pVDZ -246.2295 -246.2445 3274.561
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http://www.ifpan.edu.pl/~kisiel/asym/asym.htm#piform

MO06/6-31++G** -246.2106 -246.2293 4110.738

B97D/aug-cc-pVTZ | -246.2873 -246.3045 3777.378
MP2/aug-cc-pVDZ -245.7343 -245.7510 3660.420
MP2/cc-pVTZ -245.9266 -245.9450 4036.555

Calculations with two different starting geometries were performed to estimate
the barrier to double proton tunneling in Table 2. For reference with the simplest
carboxylic acid system studied, DCOOH—HCOOH, the barrier to proton tunneling was
calculated to be 2500 cm™'43,(AD) The asymmetric structure reflects the lowest energy
configuration (or isomer) where one proton is closer to ammonia and the other is closer
to formic acid. The symmetric, transition state structure represents the complex mid-
tunneling where both protons are between ammonia and formic acid. These structures

are shown in Figure 4.
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Figure 4a

Figure 4b

Figure 4 a and b. The structure of the lowest energy (left) and the symmetric transient
(right) forms of ammonium formate. The structures were obtained from the optimized

geometries using B3LYP/6-311++G**,

Two starting geometries were used in the calculations reported in this paper.
When starting with an initial asymmetric structure, an optimized asymmetric structure
was obtained, and beginning with an initial symmetric structure yielded an optimized
symmetric structure. The two structures are shown in Figures 4a and 4b. No additional
parameters were used in Gaussian to obtain the symmetric state due to the
convergence to the symmetric geometry. An imaginary frequency was obtained at the

symmetric geometry confirming its identity as a transition state. (KR\AD)

Several DFT methods were used to explore the range of energy barrier values:
M11, B3LYP, wB97XD, and M06. Two basis sets were used: 6-311++G**, the triple
zeta set of Pople with polarized and diffuse functions on each atom, and cc-pVDZ, the
correlation consistent double zeta function with polarization. MP2 calculations were

also done as shown in Tables 1. and 2. The calculated asymmetric structure energies
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are smaller than the symmetric structure energies. These energies can be used to
estimate the barrier to tunneling to be between 3274 cm™! and 4110 cm™! as described

in Table 2 (KR).

The binding energy of the dimer was estimated using the method and basis set
that most accurately estimated the experimental rotational constants. Using the density-
functional theory method B3LYP and the 6-311++G** basis set, the calculated binding
energy is 4197 cm™!. Estimations of binding energies were calculated using a variety of
methods and basis sets. All binding energy calculations were performed using the
Gaussian Counterpoise keyword. (KR) The calculated binding energies range from

3973 cm~! to 4683 cm™1, as shown in Table 3 below.

Table 3. (KR) Calculated binding energies for two possible isomers of the ammonium

formate dimer.

Method/basis set Corrected binding energy (cm™1)

B3LYP/6-311++G** | 4197

M06/6-31++G** 4683

MP2/aug-cc-pvVDZ | 3973

MP2/cc-pVTZ 4092

The energies of the structure in Figure 4a and an alternative isomer are
shown in Table 4. The trans formic acid dimer with ammonia would exhibit a single
hydrogen bond. However, the energy of the cis formic structure is calculated to be about

1650-1884 (cm~1) lower than the trans structure. The calculated rotational constants for
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the trans isomer are very different than the experimental rotational constants shown in
Table 1. The calculated trans structure’s rotational constants using B3LYP with 6-
311++G** are A = 35836 MHz, B = 2426 MHz, and C = 2300 MHz. Both the lower
energy of the cis isomer and different rotational constants indicate that the trans isomer

is not a likely structure for ammonium formate. (KR)

Table 4. Calculated isomer energy difference between the cis and trans isomers of the

ammonium formate dimer. (KR)

(Trans-cis) isomer

Method/basis set | energies (cm”-1)

B3LYP/6-311++G** 1651
M06/6-31++G** 1884
MP2/aug-cc-pVDZ 1672
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In an effort to provide information regarding an alternative explanation for the internal
motion in the formic acid — ammonia dimer, the internal rotation of ammonia has been
calculated using two different methods. M06/6-31++G** and MP2/cc-pVTZ methods
were used to estimate the barrier to internal rotation by performing a single point
calculation of the structure resulting from rotation of the dihedral (C-O-N-H(in a-b plane)
) angle as shown in the figure XX. The dihedral (C-O-N-H(in a-b plane) ) angle for the
optimized structure is zero. The angle was rotated ( all H-atoms move, nitrogen is fixed)
and a single point energy calculation with the angle set to 60 degrees. The energy
increase was calculated to be 1942 cm™ and 2040 cm' for the M06/6-31++G** and
MP2/cc-pVTZ methods respectively. Although this motion has not been observed in
other double hydrogen bonded carboxylic acid dimers, the high mass atoms most likely
prevent this type of interal motion. Interal rotation motion can not be excluded from
possibly occurring in this complex and adds an additional complexity in the analysis of

the spectrum.(AD)
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Analysis

Using the predictions in Table 1, The initial A, B, and C rotational constants from
the predictions in Table 1 were used in Pickett's SPCAT** program to predict the a-
dipole pure rotational spectrum. Large scans were conducted in the region of 7400 —
7700 MHz where a doublet showing quadrupole splitting from the nitrogen atom (I =1)
and was observed centered at 7540 and 7564 MHz. These transitions were assigned to
the 101 = Ooo to the two states 0" and 0. A scaling factor was calculated and a scan at
15 GHz was performed to find the 202 2 101 and a second set of doublets with
characteristic quadrupole splitting was observed, see Figure 2. Several attempts were
made to measure the 212> 111, predicted near 14000 MHz (JN). A single set of signals
indicative of nuclear quadrupole was observed. This procedure was repeated for the
transition at 211> 110 and a single set of signals was observed, similar to the 212> 111
transition. Based on the measurements within the Ka = 0 ladder, a doublet separated by
~25 MHz was expected but only one transition was observed. Each region was
rescanned to observe the missing transition, but the nearest signals detected were
several hundred MHz away from the transition measured for both 212>111 and 211 >
110. Both sets of signals, 14019 and 16239, were assigned to transitions to the 0* state
with the signals from the 7564 MHz transition assigned to 1012000 and 15017 assigned

to 202 2 101. The recorded frequencies are given in Table 5 (KR).
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The transitions measured at 7540 and 14977 showing characteristic quadrupole
coupling patterns were assigned to another state, 0~ for the 1012000 and 202 2 1o1
transitions, respectively. No other direct transitions to this state were assigned to this
state. The assigned transitions were used in the SPFIT program contained in Pickett’s
program suite** to obtain experimental rotational constants as well as quadrupole

coupling constants. The fit results are listed in Tables 4 and 5.

The recorded frequencies for the lower state are given in Table 5 (JN)(KR).

Table 5. (KR, sig figs) Fit of lower state using direct and double resonance
measurements. J 0>1 and 1->2 (FTMW, uncertainty 10 kHz) and J 2->3 (Double

resonance, uncertainty 100 kHz) using SPFIT to the constants in Table 1.

Jkake’ F | Jkake” F” | Measured (MHz) | Model (MHz) | Obs-calc (kHz)
101 1 Ooo 1 7564.3975 7564.3994 -1.9
1o 2 Ooo 1 7564.5911 7564.5915 -04
1o 0 Ooo 1 7564.8857 7564.8795 6.2
202 2 lo1 2 15016.7239 15016.7266 -2.7
202 1 lo1 0 15016.8560 15016.8535 2.5
202 3 lo1 2 15016.9908 15016.9934 -2.6
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20 1 los 1 15017.3354 15017.3337 1.7
21 2 11 2 14018.2634 14018.2638 -0.4
21 2 111 1 14018.6037 14018.6027 1.0
21 3 11 2 14018.8262 14018.8327 -6.5
21 1 111 1 14019.4922 14019.4877 4.5
211 1 110 0 16239.4600 16239.4694 9.4
211 3 110 2 16238.8800* 16238.8746 5.5
211 2 110 1 16238.7100* 16238.7066 3.4
313 4 212 3 20960.95 20960.72 230
303 4 202 3 22252.53 22252.45 80

*These transitions frequencies were obtained from direct measurement and are

reported to 10 kHz uncertainty. (AD)

Table 6. (KR, sig figs) Fit of upper state using direct and double resonance

measurements. J 0>1 and 122 (FTMW, uncertainty 10 kHz) and J 2->3 (Double

resonance, uncertainty 100 kHz) using SPFIT to the constants in Table 1.

Jkake’ F | Jkake” F” | Measured (MHz) | Model (MHz) | Obs-calc (kHz)
los 1 000 1 7539.9712 7539.9822 -11.0
Lo 2 000 1 7540.1563 7540.1601 -3.8
Lo 0 000 1 7540.4302 7540.4270 3.2
20 2 loi 2 14977.1289 14977.1169 12.0
20 2 loi 1 14977.2832 14977.2948 -11.6
20 3 Lo 2 14977.3916 14977.3747 16.9
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20 1 Lo 2 14977.5078 14977.5180 -10.2
20 1 Lo 1 14977.6982 14977.6959 23
303 3 20 2 22213.87 22214.85 -980
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Figure 5. Ratio of OFF to ON microwave — microwave resonance signal at 22252.53

MHz while monitoring 15017.95 MHz.
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4. Discussion
a-dipole spectrum

Using the results of the fit to 5 constants, including the three rotational constants
(A, B, and C) and two quadrupole coupling constants terms, 1.5y¢aa and 0.25(ybb - ¥cc) in
SPFIT#4, predictions for the 303202 and 313->212 were made and found to be at 22.2
and 20.9 GHz using microwave-microwave double resonance. This technique was
especially useful in the confirmation that there were two states, 0* and 0. While
monitoring the 101 (F=2) < 0oo (F=1) transition at 7564.591 MHz, scans of 15017 GHz

were shown to interfere with the signal. Not only were we able to confirm the level
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connection, but we were also able to extend the range of our spectrometer to 22 GHz
by monitoring the 202 (F=2) =2 101 (F=1) at 15017 MHz. A summary of the transitions
observed (or confirmed) using double resonance is given in Figure 7. A sixth constant,

Dy, was found to be necessary to fit the lower state data to measurement uncertainties.

The root mean square of (observed — calculated) is given to be 60 kHz for the 0+ state.
The largest contribution to this error come from the double resonance measurements
which are estimated to have an uncertainty in determination of the frequency to be 100
kHz. Direct measurements are much better fit where the maximum deviation from the

predicted frequency is observed at 9.4 kHz. (AD)

The 0~ state remains an open investigation since we are unable to fit or find the
2122111 and 211 = 110 transitions. Initially, we tried both of the detected transitions with
the signals at 7540 MHz assigned to 101> Ooo and 14977 assigned to 202 = 101 but
were unable to obtain a reasonable fit. The standard deviation of 333 kHz is high but
most of the variation comes from the measurement of the 303 = 202 transition using
double resonance and using the A rotational constant of the lower state. Additional

transitions at higher J would greatly improve the fit but are out of our frequency range.

21



Formic — Ammonia dimer
Energy Level Diagram
Measurement Summary

= = = =

303 212 A
t
|
|
|
1
20, T fl 11
|
|
|
|
1oy '
————— + Double Resonance
—p Direct Measurement
OOO

Figure 7. Energy level diagram indicating transitions measured by direct measurement
and microwave-microwave double resonance. 202> 101 was measured using both

methods to verify connectivity but direct measurements were used in the fit.

Microwave — Microwave double resonance experiments

We utilized microwave—microwave double resonance to detect transitions J=3 >
J=2. A total of three transitions were included in the two fits that greatly improved our
confidence in our assignments, see Figure 7. Using the system described in the
experimental section, initial tests were performed using the monitor signal at 7564.591
MHz and the region of 15017 MHz was scanned. Very strong signal depletions were
obtained by taking the ratio of the integrated signals of the microwave probe power OFF

to microwave probe power ON, see Figure 3. Next, scans were made at 22200 MHz
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while monitoring the 15017.017 MHz signal, and a positive detection was obtained and
included in the fit as the 303> 202 transition frequency. The characteristic signal is shown
in Figure 5 with off-resonance oscillating about 1.0 and on-resonance increasing to 3.3.
The same procedure was performed at 20.9 GHz while monitoring 14018.95 MHz and
the on-resonance signal was 10.5, see Figure 6. The increased signal for the 313>212
detection relative to 303> 202 is thought to be due to the higher power levels in our

system at 20960 MHz vs 22200 MHz.

Measurements were made with the 0~ state to verify that the signals at 7540 MHz and
14977 are connected through a shared energy level, 111. Unfortunately, neither
transition shares a common energy level with the missing 212->111 or 211> 110
transitions. We are able to obtain fits to yaa, ybb, and ycc for the O~ state. Interestingly,
we observe that there is an increase in ybb with respect to the nitrogen quadrupole
coupling as compared to the 0" state, with yob = 1.1(1) for 0+ and ywb = 1.4(1) for O-.
This difference in the quadrupole coupling may indicate a small change in the electric
field gradient in the excited state and may provide useful information on changes in

quadrupole coupling for the tunneling states.

b-dipole transitions

The b-dipole transitions were searched for, but not yet located. The problem is
that the location of the b-dipole transitions will be very sensitive to possible tunneling, or

internal motion present in the complex.
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Quadupole coupling contant analysis

The alteration of nitrogen’s electronic environment can be determined by comparing the
experimental value of eQq,, to nitrogen’s experimental quadrupole tensor for ammonia.
It is inferred that this alteration is due to the influence of the hydrogen bond. First, the
angle between the c-axis of ammonia and the a-axis of the ammonia-formic acid
complex was determined. Using this angle in the complex’s a-b plane, ammonia’s
nitrogen quadrupole tensor was rotated from the ammonia principal axis system to the
complex’s principle axis system. This was accomplished with a matrix rotation program.
The resulting calculated nitrogen quadrupole tensor using ammonia’s value is -0.63
MHz. This is lower than the experimental eQq,, values for the upper and lower states of
the complex, which are -0.89 MHz and -0.96 MHz, respectively. This difference
indicates that the electronic environment of ammonia’s nitrogen is altered when in a

dimeric interaction with formic acid. (KR)

5. Conclusions

The gas phase dimer composed of ammonia and formic acid has been
investigated using microwave spectroscopy. The structure most consistent with the
microwave measurements and fits to two different vibrational states, 0" and 0-, is a
double hydrogen-bonded dimer exhibiting internal motion.  Our frequency range limited
our ability to explore the coupling that may exist amongst other states. Future
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experiments will probe the structure using isotopic substitution and more detailed

searches for the transitions in the Ka=1 ladder of the 0- state.
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