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The ammonium ion (NHZ) has been suggested to be present in interstellar ices and has been observed on the

Ices surfaces of planetary bodies using infrared (IR) spectroscopy as the primary means of identification. Evidence for

IR spectroscopy
Comets
Infrared observations

several ammonium salts has also been found in the dust and surface ices of comet 67P/Churyumov-Gerasimenko.
Here we present a laboratory study of ammonium cyanide (NH4CN) and report on several properties of this

compound, measured with higher accuracy than in previous reports, including its IR band strengths and optical
constants for use in quantifying its abundance in interstellar and planetary ices. We also report the first mea-
surements since 1882 of NH4CN vapor pressures, sublimation fluxes, and sublimation enthalpy measured at
temperatures relevant to subliming cometary ices (134-155 K). The density and refractive index of NH4CN at
125 K and the sublimation enthalpy and vapor pressures of NH3 at ~100 K are also reported.

1. Introduction

Tonic solids (i.e., salts) are readily formed by acid-base reactions and
have been detected or are suspected to be present in planetary bodies.
For example, salts are thought to be present on Ceres in the main
asteroid belt (King et al., 1992; De Sanctis et al., 2020), on the surfaces of
Pluto's satellites Nix and Hydra (Cook et al., 2018), and in the subsurface
oceans of Jovian satellites such as Europa, which are expected to be
briny (Zimmer et al., 2000).

Ammonium (NHJ) salts were detected, or their presence deduced, in
the nucleus of comet 67P/Churyumov-Gerasimenko (67P) by measure-
ments made by the instruments onboard the Rosetta spacecraft sent by
the European Space Agency (ESA). The cometary dust in the vicinity of
the nucleus contained a variety of ammonium salts as measured by the
ROSINA instrument (Altwegg et al., 2020, 2022). Infrared (IR) reflection
spectroscopy of the comet's surface using the VIRTIS instrument pro-
vided a tentative identification of the ammonium ion's absorption
feature at a wavelength near 3.2 pm (Quirico et al., 2016; Poch et al.,
2020, 2023), where the total surface abundance of ammonium was
estimated to be as high as ~40% of the dust's total mass. Furthermore,
the abundances of gases in the coma of 67P indicated that the dissoci-
ation of ammonium salts likely contributed to the observed abundances
of ammonia (NH3) and hydrogen cyanide (HCN). One possible
contributor considered was ammonium cyanide (NH4CN), although it
was not detected directly, and its presence was inferred by the detection

of other CN-bearing species by Altwegg et al. (2020). Altwegg et al.
(2022) further analyzed ROSINA data and inferred that most of the NH3
is likely in the form of ammonium salts in the dust grains, based on the
similar total amounts of NHg and that of all detected acids. They further
list HCN as the second-most abundant acid in the dust after H,S, with
implications for the relative abundance of NH4CN as compared to other
ammonium salts.

These results also imply that ammonium salts such as NH4CN could
be the parent source for NH3 and HCN in the comae of many different
comets and may be a source of the missing N from cometary gas ob-
servations (Geiss, 1987). If ammonia was chemically altered and stored
in a form that is more resistant to sublimation (such as NH4CN or other
ammonium salt), it might only be observed in a cometary coma at
temperatures that drive the sublimation of the parent salt and its
dissociation products. This hypothesis has led to some recent laboratory
studies of ammonium-bearing salts and minerals, but usually for solids
with a lower volatility than NH4CN studied at room temperature (e.g.
Hanni et al., 2019) and usually measured in reflectance (e.g., Fastelli
et al., 2020).

Unidentified infrared features in the spectra of dense interstellar
clouds suggest that NHZ also may be present on interstellar grains. It has
long been proposed that the absorption feature near 1400 cm ™! (~7 pm)
is due to NHS (e.g., Grim et al., 1989; Schutte and Khanna, 2003; Boo-
gert et al., 2015). Evidence in the IR spectra of interstellar ices does not
support the presence of HCN or the CN™ anion, so the presence of
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NH4CN in interstellar ice seems unlikely. However, one piece of cir-
cumstantial evidence in favor of the NHJ cation as the carrier for the
unidentified feature is that it could be the counter ion to a known anion
in interstellar ices- specifically the cyanate anion OCN™ observed near
4.6 pm (Lacy et al., 1984). Other, as yet unidentified, counter ions also
could be present, which seems likely given the cometary dust mea-
surements from Rosetta described in the previous paragraphs.

Our recent work has focused on the IR spectra, physical properties
(refractive indices and densities), band strengths, and optical constants
of HCN (Gerakines et al., 2022) and NH3 (Hudson et al., 2022a) in both
amorphous and crystalline forms. We have also studied the vapor
pressures of various compounds related to interstellar and solar-system
ices, namely propanal by Yarnall et al. (2020), benzene, H,0, and
cyclohexane by Hudson et al. (2022b), and HCN and CyNp by Hudson
and Gerakines (2023). We have now used the techniques employed in
these recent experiments to measure the vapor pressures of ammonia ice
and have adapted them for a study of ammonium cyanide salt at low
temperatures.

Here we report the results from measurements of NH4CN, where we
have determined its refractive index, density, IR absorption band
strengths, and optical constants at 125 K, and have measured its vapor
pressure and enthalpy of sublimation between about 125 and 156 K. We
compare our results to vapor pressure measurements dating back to
Isambert (1882). We also present measurements of the sublimation
enthalpy and vapor pressures of NH3 near 100 K. The work presented
here could aid in identifying and quantifying the amount of NHj in
cometary and interstellar environments, possibly shedding light on
other associated species such as cyanide or cyanate anions.

2. Laboratory methods

Samples in this work were created using techniques described in
detail in our recent publications. See, e.g., Hudson et al. (2022a) or
Hudson et al. (2014). In summary, gases were released into a vacuum
chamber and allowed to condense onto a cold substrate (lowest T ~ 10
K). For IR transmission measurements, the substrate was made of KBr or
Csl. In all cases, samples were grown to thicknesses of up to a few mi-
crometers, measured during film growth by monitoring the intensity of a
visible-light laser (A = 670 nm) passing through the film and substrate at
normal incidence (¢ = 0°). All IR spectra were collected as 100-scan
averages from 5000 to 500 cm ™! with a spectrometer resolution of 1
em™ . For determinations of IR band strengths and optical constants,
transmission spectra were measured for 5 samples at different thick-
nesses, as we have done in similar previous studies (e.g., Hudson et al.,
2022a).

To synthesize ammonium cyanide, we followed the methods of
Clutter and Thompson (1969). NHs and HCN gases were released
simultaneously into our vacuum chamber through separate inlet lines
while the substrate was held at 125 K. At this temperature, no unreacted
molecules remained on the substrate and only their less-volatile reaction
product NH4CN was retained. Each gas was held in a separate glass bulb
on a manifold where each was connected to the main vacuum chamber
through its own valve. The valves were calibrated and set to deposit each
compound at approximately the same rate. Although the reaction has
been shown to occur even at temperatures as low as ~20 K (Gerakines
et al., 2004), holding the substrate at 125 K prevented the retention of
unreacted NHs or HCN. Moreover, the deposition rates chosen (each gas
~1.7 x 10'® molecules cm~2 s71) were sufficiently slow to prevent any
trapping of unreacted NHs or HCN. The resulting NH4CN sample was
seen to grow at a rate of ~3.5 pm hr~! (~1.5 x 10'® molecules cm 2
s™1), and no evidence of other compounds was noted in the sample.

For refractive index, density, and sublimation rate measurements, we
used the same experimental setup described in our previous studies (e.g.,
Hudson et al., 2017; Hudson et al., 2022b). In summary, the substrate
was the gold-coated surface of a quartz-crystal microbalance (QCM)
from Inficom attached to the end of the cold finger of a cryostat (ARS
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Displex) inside an ultra-high vacuum (UHV) chamber (P ~ 10719 Torr).
The QCM can be cooled to about 15 K and heated to room temperature
with a resistive heater. Our system also included a thermal shroud/ra-
diation shield at ~35 K surrounding the cold finger and most of the
microbalance holder, and the sublimating gases condensed upon it,
preventing pressure from building up in the system and any gas recon-
densation. Measured QCM frequencies have a manufacturer's specified
uncertainty of 0.1 Hz. Two visible-light (670 nm) lasers were pointed at
the substrate with incidence angles of 7° and 55°. Refractive index n was
determined by combining information from the interference fringes of
the two lasers reflected from the sample during film growth. Briefly, for
a sample whose thickness is increasing at a constant rate, the refractive
index ngyo can be determined from the oscillation periods in each laser's
interference fringes

\/sin202 - (tl/tz)zsinz()l
Ne70 = 3
1—(t/t)

(€8]

where 0; and 0, are the laser incidence angles and t; and t, are the
measured periods. At the same time, we also monitored the change in
frequency of the QCM to determine the sample's density p using

/1 1
P=5 (fif;) @

where f and f; are the frequencies with and without a sample present at
the same temperature, h is the sample thickness, and « is a constant equal
t0 4.417 x 10° g cm™2 Hz that is related to the crystal properties (Lu and
Lewis, 1972).

Vapor pressures were determined as described in our recent studies
of propanal (Yarnall et al., 2020) and benzene (Hudson et al., 2022b). In
summary, we created NH4CN samples on the QCM substrate at 125 K as
already described, and each sample was heated at 1 K min~! while
recording the temperature and frequency of the QCM every 2 s until the
sample was completely sublimed. Combining the temperature and fre-
quency data with the frequencies of the bare QCM (with no sample) at
the same temperatures, the mass per unit area on the substrate at each
time step was determined. Subsequently, the sublimation rate (in mol-
ecules cm ™2 s 1) at each temperature was determined from the time
derivative of the mass data. Vapor pressures at each temperature were
found from the sublimation rates. More details are provided in the next
section since the treatment for NH4CN is not the same as that for NHg,
and the difference requires special discussion and attention.

Ammonia (research grade; MilliporeSigma) was used as obtained by
the manufacturer. HCN was prepared from the reaction of potassium
cyanide (KCN) and stearic acid (octadecanoic acid) as described in our
previous studies of HCN (Gerakines et al., 2004, 2022).

3. Results
3.1. Infrared transmission spectra

The mid-infrared spectrum of an NH4CN sample with a thickness of
0.432 pm is shown in Fig. 1, created as described in the previous section.
Fig. 1 also contains reference spectra for NH3 and HCN, whose absorp-
tion features are absent from the sample's spectrum. Fig. 2 shows the
spectrum of a thicker sample in the region of the short-wavelength
feature near 4200 cm ™! (2.381 pm), which is too small to appear on
the vertical scale for the sample in Fig. 1.

Positions of the three strongest IR absorption features are listed in
Table 1, along with their assignments. The NH4CN transmission spectra
we obtained are in good qualitative agreement with the reflection
spectra published by Clutter and Thompson (1969), by us in a study of
the radiation chemistry of HCN-containing ices (Gerakines et al., 2004),
and by Noble et al. (2013). Raman spectra showing similar features were
also reported by Kanesaka et al. (1984).
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Fig. 1. The IR spectrum of NH4CN created at 125 K from the co-deposition of
NHj3 and HCN to a thickness of 0.432 pm (top). The IR spectra of HCN at 120 K
(middle) and NH;3 at 100 K (bottom) are shown for reference. Spectra are offset

for clarity.
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Fig. 2. The IR spectrum of a sample of NH4CN created at 125 K and grown to a
thickness of 3.46 pm.

3.2. Refractive index and density

We also measured the refractive index at 670 nm (ne;¢) and density
(p) of NH4CN at 125 K, since these properties are needed for the
determination of IR band strengths and optical constants. We have
recently published similar measurements for a variety of ices, for
example as reported by Hudson et al. (2022a) for NHs, and we refer the
reader to these works for a more detailed discussion of the methods and
analyses. Three independent measurements were made as described in
the previous section, yielding averages of ng7;o = 1.55 &+ 0.02 and p =
1.10 £ 0.01 g cm ™ for NH4CN at 125 K. The result for p agrees with the
density of 1.11 g cm ™3 reported by Lely and Bijvoet (1944) for NH4CN at
193 K, but our result for its refractive index seems to be the first to be

reported.

Table 1

Absorption coefficients and apparent band strengths of NH4CN.
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3.3. IR band strengths and optical constants

We measured the band strengths of NH4CN features following the
procedures described in previous publications (e.g., Gerakines et al.,
2022), so only a summary appears here. Having determined the
refractive index of NH4CN, ng7o, we created several samples over a range
of thickness h. From their IR absorbance spectra (shown in Fig. 3), the
peak heights and areas were recorded for the selected features. Beer's
Law plots of peak absorbance and integrated absorbance as a function of
h for each sample (Fig. 4) gave apparent absorption coefficients (a") and
apparent band strengths (A") according to the equations

d

Absorbance = <m)h 3

/ (Absorbance) dv = M h 4
band In10

where 7 is the wavenumber (in cm™), pn is the measured number
density (in molecules cm’3), and the factor of In10 converts absorbance
to optical depth. Slopes of the linear fits in Fig. 4 for each IR band were
used to find the values of o' and A’ listed in Table 1. Uncertainties in the
measured values of o' and A’ were determined from the uncertainties in
the fitted slopes (e.g., Hudson et al., 2017).

Optical constants of NH4CN (n and k, the magnitudes of the real and
imaginary parts of its complex refractive index) were calculated from
the measured IR spectra using the algorithm and software published by
Gerakines and Hudson (2020). The values of n and k were found for five
separate NH4CN samples with different thicknesses and then averaged to
produce the final results, which are plotted in Fig. 5. Standard errors in n
and k due to the averaging process were < 0.07 at all wavenumbers,
with the highest value located at the 1436 cm™! spectral peak, 0.02 at
the 2093 cm™! peak, and 0.01 at the peaks in the 3400-2410 cm ™! re-
gion. Baseline uncertainties were ~ 200 times smaller.

3.4. Vapor pressures and enthalpy changes

It is important to appreciate that the result of heating NH4CN, a salt,
in our vacuum systems was different from the result of heating a cova-
lent compound such as NH3, ammonia. The two changes are shown in
the reactions below.

NH;(s)>NHs(g) 5)

NH,CN(s)—NH;(g) + HCN(g) (6)
The first reaction (Eq. 5) is a conventional sublimation, the conversion of
a solid into a gas. As solid NH3 is warmed, the pressure from the NH3
product at each temperature is solid NH3's vapor pressure, with AgpH as
the corresponding enthalpy change for the sublimation.

The second reaction above (Eq. 6), although sometimes called a
sublimation, is a dissociation. As an ammonium salt, such as NH4CN, is
heated, a pressure rise results, but from a chemical reaction as opposed
to simply a phase change of the initial material. Nevertheless, some
authors consider this a sublimation, with the resulting pressure change
to be the original salt's vapor pressure, and the corresponding enthalpy
change is taken as the sublimation enthalpy. See Luft (1955) for an
example of this practice, which we follow. However, we recognize that
others have used “dissociation pressure” for the pressure change on

1

Peak position / cm ™! (pm) Description a'/cm” Integration limits / cm ™" A'/107Y7 cm molecule™!
3023 (3.308) N-H stretching region 20260 + 420 3400-2410 41.4 £0.1

2093 (4.778) CN stretching mode 14030 + 460 2100-2088 0.574 £ 0.015

1436 (6.964) NH; bending mode 35950 + 1100 1500-1350 3.58 £ 0.07
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Fig. 3. Infrared spectra of five NH4CN samples grown at 125 K to thicknesses of 0.11, 0.22, 0.43, 0.86, and 1.73 um. Spectra have been separated and expanded to
highlight the absorption features of (a) the N-H stretching bands of NHZ and (b) the CN™ stretching and NHS deformation modes.
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Fig. 4. Integrated absorbance vs. thickness for five NH4,CN samples created at 125 K. Panel (a) contains data for the 3023 cm™! band of NHJ, (b) for the 2093 cm™

1

band of CN™, and (c) for the 1436 cm~! band of NH;. The linear least-squares best fit (R% > 0.996) is given by the dashed line in each case. Slopes of the fits and their
uncertainties were used to derive the band strengths and uncertainties reported in Table 1 (see text for details).

heating an ammonium salt (e.g., Ramsay and Young, 1886).

As our previous work on vapor pressures involved covalent com-
pounds, as opposed to ionic ones, here we first present new results on
NH; followed by our vapor pressure measurements for NH4CN.

3.4.1. Ammonia
Solid NH3 was prepared and its vapor pressure and enthalpy change
on warming were measured with the procedure described by Yarnall

et al. (2020), Hudson et al. (2022b), and Hudson and Gerakines (2023),
a procedure resembling that of earlier studies using a QCM by Bryson III
et al. (1974) and Luna et al. (2012). In summary, solid NHs was
condensed onto our QCM substrate by conventional vapor-phase depo-
sition and warmed at ~1 K min~! while the QCM frequency and tem-
perature were recorded every 2 s. We used the frequency at each time/
temperature to calculate the mass per unit area (u) of the sample from
Eq. (7)
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Fig. 5. Optical constants (n and k) for NH,CN at 125 K from 4400 to 600 cm ™.
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where f, fo, and « have the same definitions as in Eq. (2). The flux of
sublimating NH3 molecules F at time t was found by calculating the rate
of change in u from
1 du
F=——— 8
m dt ®
where m is the mass of one NH3 molecule. The corresponding vapor
pressure (P) of NHs was calculated using the kinetic-theory relation

P = FV2amkT 9

where k is the Boltzmann constant. A Clausius-Clapeyron graph of In(P)
vs. 1 / T, according to

In(P) = (= AwnH® /R)(1/T) + (constant) (10)

resulted in Eq. (11) below, the constants being averages from fitting the
data from four separate samples

In(P/Torr) = (— 3719 K) G) +22.07 (11)

The slope (—Asub]H0 / R) of this equation yields the enthalpy of subli-
mation of solid NHs, AgupH’ = 30.92 kJ mol™!. Correlation coefficients
were > 0.99 for each ice examined. Propagating the uncertainties of 0.1
Hz in the QCM frequency measurements and 0.1 K in the temperature
measurements leads to an uncertainty <0.5% for the fit parameters and
for AgupiH (NH3).

3.4.2. Ammonium cyanide

Turning to NH4CN, each mole of NH4CN decomposing will form two
moles of gas-phase product (i.e., NH3 and HCN), and each product will
have a molecular flux equal to that of the NH4CN decomposed. Luft
(1955) correctly described the changes in such ammonium salts by
combining and rearranging the standard relations AsublGO = —RT InK¢q
and AGP = AsublHe - TAwnS® to give

In(Keq) = (— AunH’ /R)(1/T) + (AunS° /R) 12)
where Keq is the equilibrium constant, ArnG is the change in the Gibbs

free energy of the reaction, and A,S® is the change in the entropy. In
the case of NH4CN decomposition, Keq = Pnp3Prcn OF just

Keq = P* (13)
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since Pyu3 = Pucn. Substituting this Keq into Eq. (12) for In(Keq) and
rearranging gives

In(P) = (— AwuH® /2R) (1/T) + (AqnS° /2R) 14

Note particularly the factor of 2 in the coefficient of (1/T). A graph of In
(P) as a function of 1/T will give a reaction energy only if that same
factor of 2 is used with the graph's slope. The pressure P is the value that
NH4CN would produce were it to undergo sublimation without
decomposing.

Returning again to our own work, samples of NH4CN were synthe-
sized on our QCM's surface, as already described, and then warmed
while recording temperature and QCM frequency. Conversions of the
data to pressures were made as with our NH3 measurements. A plot of In
(P) vs. 1/T was prepared for each NH4CN sample, and data points in the
range of 135-156 K (the linear part of the trend, with correlation co-
efficients >0.99) were fit using a linear least-squares analysis. Averaging
results from four samples gave

In(P/Torr) = (— 5104 K) (%) +21.65 15)

The slope of —~5104 K = —AnH®/(2R) gave AgnH® = 84.87 kJ mol ! for
NH4CN decomposition into NH3 and HCN. Data for one of our NH4CN
samples are shown in Fig. 6. As described above for ammonia, propa-
gating the uncertainties of 0.1 Hz in the QCM frequency measurements
and 0.1 K in the temperature measurements leads to an uncertainty
<0.5% for the fit parameters and for ApenHY(NH4CN).

Our new results for NHs and NH4CN are listed in Table 2, along with
results for HCN as reported recently by Hudson and Gerakines (2023)
and H,0 from Hudson et al. (2022b) for comparison. Table 3 lists the
vapor pressures for NHs and NH4CN over the temperature ranges where
the sublimation rates were measured in this work. The sublimation rate
vs. temperature curves from the fits to the data for all four compounds
from Table 2 are plotted in Fig. 7. It can be seen that the sublimation rate
of NH4CN is lower than that of both NH3 and HCN and higher than that
of Hy0 at every temperature.

Before discussing our results, a few additional points should be
mentioned. The first concerns our assumption that the warming of
NH4CN under vacuum gives complete dissociation of the compound into
NH3 and HCN. The mechanism for such changes in ammonium salts has
been explored by Zhu et al. (2007) and can be applied to NH4CN. Those
authors quantum mechanically modeled sublimation in crystalline
NH,4CI as following a sequence in which NHZ / Cl~ ion pairs begin to
break away from the solid to a so-called relaxed state, followed by co-
sublimation of the ion pair and then rapid gas-phase H' transfer to
give NH3 and HCI, the process leading to complete dissociation. The
same authors calculated the overall energy change for the process and
found it to agree with the measured value. We envision a similar set of
steps for NH4CN sublimation. As support, we note the non-detection of
NH,4CN™ by mass spectrometry both in our work and that of Noble et al.
(2013). See also the non-detection of the parent cation in the ammonium
chloride experiments of Goldfinger and Verhaegen (1969) and of Hanni
et al. (2019).

A different argument for complete dissociation of NH4CN comes
from the relative proton affinity of the anions in NH4Cl and NH4CN.
Since HCN is a weaker acid than HCI, one expects that the conjugate base
CN™ is stronger than Cl~, which implies an even greater extent of H'
transfer from the NHJ cation on subliming NH,4CN, to give NH3 and
HCN, compared to NH4Cl, to give NH3 and HCl. The conclusion is that if
NH4Cl undergoes complete dissociation on warming, then NH4CN
certainly will.

Another concern relating to our measurements is the possibility that
some of the gas-phase NH3 and HCN molecules produced on warming
NH4CN might redeposit onto our QCM's surface, changing our measured
QCM frequencies and, in turn, our sublimation fluxes and vapor
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Table 2

: , o . NH, HEN H,0
Clausius-Clapeyron fit parameters and sublimation enthalpies “. 101 L
Compound Intercept Slope / K Sublimation Reference ‘n
enthalpy, ‘\n‘E
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mol ! 7}
[0} 15 |
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Gerakines (2023) s
NH3 22.07 £ 0.36 -3719+£5 30.92 £+ 0.04 This work é 10" |
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Table 3
Vapor pressures of NH; and NH4CN “. A IR IR B BN | P B B
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Vapor pressure / 10~ Torr Vapor pressure / 10~ Torr Temperature /K
?20 gg;ﬂ?gz f‘i gggzgs Fig. 7. Sublimation flux for NH4CN (black curve) as given by the fit to our
105 1.594 145 1.314 measurements and plotted over the fitted temperature range. Also shown are
110 7.976 150 4.244 the corresponding curves for NHj from this work, HCN from Hudson and
115 34.69 155 12.71 Gerakines (2023), and H,O from Hudson et al. (2022b).

2 Pressures calculated using the fit parameters listed in Table 2.
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pressures. This complication seems unlikely due to the low gas-phase
pressures in our vacuum system before and after warming the sub-
strate (i.e., QCM surface). We also note that our QCM is surrounded by a
stainless-steel radiation shroud at ~35 K, which effectively traps NHs
and HCN, reducing their gas-phase abundance even more.

A final point involves the differences in vapor pressures and subli-
mation energies that might accompany different measurements
methods, specifically a sample chamber that is closed compared to one
that is under ultra-high vacuum. No such difference should be seen in
vapor pressures arising from the sublimation from our QCM surface,
resulting in a somewhat less complex measurement than that in con-
ventional studies of properties in closed containers (e.g., bomb calo-
rimeters). This has been pointed out in the classic sublimation study of
Langmuir (1913) and in more recent work, such as that of Bryson et al.
(1974). As additional support, see also our measurements of the vapor
pressures of crystalline HyO-ice, which are in excellent agreement with
the best results from a variety of techniques (Bryson et al., 1974; Wagner
et al., 2011). Finally, measurements by multiple methods, including the
QCM method used here, have been shown to give similar sublimation
energies (Luna et al., 2014).

4. Discussion
4.1. IR band strengths of ammonium cyanide

The band strengths for the IR features of NHf and CN™ at 125 K
resulting from our work are listed in Table 1. Few measurements exist in
the literature for direct comparison, and the literature that does exist on
the IR band strengths of NHJ suffers from a myriad of issues. Schutte and
Khanna (2003) reported a band strength for the IR absorption of NHZ at
1436 cm ™! of A’ = 4.4 x 1077 cm molecule ™! with a “factor of two”
(100%) uncertainty. Their method was to monitor the growth of the
NHJ feature that resulted when ammonium formate (NH4COOH) was
produced in ice mixtures of NH3 + formic acid (HCOOH) held at 80 and
120 K. The corresponding column densities of NHJ (needed for finding
its band strength) were assumed to be the same as that of the NHj3
consumed in the acid-base reaction, determined from the loss of the NH3
band area together with a band strength from d’Hendecourt and Alla-
mandola (1986). This result contains assumptions and unknowns,
making a direct comparison difficult, if not impossible. The method
chosen assumed that the band strength for NHs mixed with formic acid
and H,0 at 120 K was the same as that of amorphous NHgz at 10 K, which
also was assumed to have a density of 1 g cm ™3, Moreover, no IR spectra
of the samples in the acid-base reaction experiments were shown. Their
experiments at 80 and 120 K resulted in different values for A, but the
120-K value was adopted without justification, and it is not clear if more
than two experiments were conducted to test the reproducibility of their
results. The uncertainty of 100% was described as “standard”, without
statistical justification or evidence. Despite the problems outlined
above, recent results from the James Webb Space Telescope (McClure
et al., 2023) cite these band strengths for calculating column densities of
NHJ in the ISM. Our measurements of A’ contain no assumptions, and all
required information about the samples (refractive index, mass density,
and IR spectra) are presented in this report and were measured in our
laboratory for samples under appropriate conditions.

Noble et al. (2013) reported a band strength for the 2093 cm !
feature of CN~ of A’ = (1.8 + 1.5) x 1077 e¢m molecule’l, ~200%
larger than our result listed in Table 1. Their value was based on IR
spectra measured in reflectance, where the use of band strengths is not
necessarily correct because of the non-linearity of band areas with
sample thickness. Moreover, their method of determining A’ also relied
on scaling with large uncertainties, leading to the high relative uncer-
tainty that they report (see the explanation in their text for details).
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4.2. Enthalpy of sublimation for ammonium cyanide

The two most recent sets of vapor pressure results for NH4CN in the
literature are those of Stull (1947) and Luft (1955), and each set rests on
measurements from the 19th century. Stull used the vapor-pressure data
of Isambert (1882), which was limited to about 7-17 °C, and extrapo-
lated it over two additional orders of magnitude of pressure. His analysis
was used later to derive an enthalpy of vaporization for NIST's Chemistry
WebBook (Acree and Chickos, 2023; https://webbook.nist.gov/). The
noun vaporization is somewhat misleading as no liquid is formed on
warming NH4CN in the temperature range of either Stull or Isambert,
but the more serious concern is that the listed value of Arane(NH4CN)
= 47.1 kJ mol ! appears to have been derived without considering the
factor of 2 already mentioned (see Eq. 14).

Luft (1955) determined Arane(NH4CN) through a different
approach. Literature values of AH? and AS? for the formation of NH,4CN,
NHj3, and HCN were combined according to

AnH® = AfHeNﬂs(g) + AfHeHCN(g) - AfHeNH4CN(s) (16)

to give the enthalpy change for NH4CN decomposition, which Luft called
NH4CN sublimation. A similar equation gave the corresponding entropy
change, ArxnS®. The author then used

In(P) = (= AxaH® /2R) (1/T) + (ArxnS° /2R) a7)

to calculate vapor pressures. Unfortunately, neither the value of AsgnS?
Luft used, nor the details of the method to find it, were supplied. For
ArnH®, a reference was made to National Bureau of Standards (NBS)
tables that, in turn, cited Berthelot (1875), but details again were not
given. The formation enthalpy Luft gave for NH4CN is AgH® = 0.0 kcal
mol~! = 0.0 kJ mol ™}, which could be correct, but seems suspiciously
small compared to that for other ammonium salts, such as —314.55 kJ
mol ™! for NH4Cl reported by Chase (1998). Luft's Ar,mHe(NH4CN) =
84.5 kJ mol ! is in NIST's Chemistry WebBook, where it is labeled a
sublimation enthalpy. Although Luft's value is strikingly close to our
own 84.80 kJ mol ™!, the unknowns and omissions in his work make it
impossible to determine if the agreement is anything but serendipitous.
His nomogram for calculating vapor pressures is restricted to about
293-333 K (20-60 °C), temperatures far above the 135-156 K of interest
here. Finally, the results he uses from Berthelot (1875) appear to be
based on reactions with HCN and NHj3 dissolved in water, not reactions
under vacuum conditions.

We conclude from this examination of the literature that our vapor
pressures and enthalpy change for NH4CN are the first of their type in
which all steps are described, and anhydrous conditions and vacuum
chambers are used, with no reliance on 19th-century results.

The desorption energy of NH4CN was reported by Noble et al. (2013)
to be 38.0 + 1.4 kJ mol~!, which they determined in a temperature-
programmed desorption (TPD) experiment. Since no signals were
detected at m/z = 43 or 44 due to NH4CN, it was assumed that the salt
completely dissociated into NH3 and HCN before sublimation, and Noble
et al. fit the trace of the HCN mass-spectrometric signal at m/z = 27 Da
with zeroth-order desorption kinetics. Note that their reported desorp-
tion energy value is less than half of the enthalpy change reported by us
and by Isambert (1882). NH4CN was assumed to desorb directly into
NH;j + HCN, and so the abundance of HCN detected in the gas should
equal the amount of NH4CN sublimated. The derived value also
depended on an assumed “pre-exponential” factor in the kinetic equa-
tion for the desorption rate (see their Eq. 2), and the result was shown to
vary (by 6-7%) according to the value chosen for this factor. Our
method of using a QCM to directly measure the mass lost during subli-
mation does not require any such assumptions.

Our QCM experimental technique is similar to that of TPD, in that we
monitor the mass per unit area lost as a sample is heated at a constant
rate. Therefore, we performed a TPD-style analysis on our data. The flux
values (in molecules cm 2 s 1) from Fig. 6¢c were converted to molecules
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lost per unit area per unit temperature (molecules cm 2 K1) by dividing
by our heating rate (1 K min~1). A graph of the resulting data followed a
zeroth-order desorption curve given by a simple exponential Aexp(—E,/
RT), where A is a pre-exponential factor, and E, is the desorption energy.
Our values measured between 134 and 155 K were fit with this function,
resulting in best-fitting parameters of A = 3.22 x 10?® molecules cm 2
K ! and E, = 43.13 kJ mol .. Note that this energy is similar to that by
Noble et al. (2013) and approximately half of our reported value for
AsupiH.

Our fundamental measurement using the QCM technique is the
sublimation flux of NH4CN at each temperature, which is then converted
to a pressure using Eq. (9). While the measurement does not take place
in an equilibrium environment, such a flux through an arbitrary surface
corresponds to a pressure, which in this case is equivalent to the vapor
pressure, as if the ice sample were contained within the volume of a
Knudsen effusion cell where the gas is released through a small pinhole
at the measured flux (Langmuir, 1913). In non-equilibrium environ-
ments such as the ISM or for cometary sublimation processes, the sub-
limation flux may be the most-relevant parameter along with
determinations of desorption order and energy of desorption (as deter-
mined from TPD experiments, see e.g. Minissale et al., 2022).

4.3. Fits to pressure vs. temperature data

Pressure vs. temperature data for NHjz at ~175-200 K were reported
by Overstreet and Giauque (1937), who also reported a Clausius-
Clapeyron fit yielding AgypH. = 31.22 kJ mol’l, a ~ 1% difference
from our value of 30.92 kJ mol~! (Table 3). The solid NH3 data from
Overstreet and Giauque (1937) are plotted in Fig. 8 along with our
measurements at 95-115 K. To link the two data sets, we used the Cox
equation (Cox, 1936) as we have done in previous studies for other
compounds (Hudson et al., 2022b; Hudson and Gerakines, 2023). A
least-squares fit gave

P T
ln(—) = <1——0>exp(Ao+A1T+A2T2) (18)
P, T

with Ag = 2.6965, A; = 4.7754 x 1072 K™}, and A, = —1.8442 x 107°
K2, and where the triple point temperature and pressure (Tp = 195.36

K, Py = 45.58 Torr) were taken from Overstreet and Giauque (1937).
Also plotted in Fig. 8 is the low-temperature extrapolation suggested by

NH;
10" [
101 F
=
S L
l_
~ -3
© 10°
S
® L
(7}
E 10° F
[ @® This work
O Overstreet and Giauque (1937)
107 | ——Fit to all data
---- Extrapolation by Fray and Schmitt (2009)
10-9 1 1 1 1 ]
80 100 120 140 160 180 200

Temperature / K

Fig. 8. Comparison of our measured NH3 vapor pressures with data from other
authors. Filled circles: values from Table 3. Empty circles: data from Overstreet
and Giauque (1937). Solid curve: fit to all data points using the Cox equation
(see text). Dashed curve: extrapolation to low temperatures suggested by Fray
and Schmitt (2009).
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Fig. 9. Comparison of our measured NH4CN vapor pressures with those from
Isambert (1882). Filled circles: values from Table 3. Filled squares: values
measured by Isambert (1882). Empty squares: extrapolated values listed by
Stull (1947). Curve: fit to the filled symbols using the Cox equation (see text).

Fray and Schmitt (2009), which overestimates the pressures by
~50-75% as compared to the laboratory measurements.

For NH4CN, the pressures measured by Isambert (1882) for tem-
peratures in the range of 280-290 K are plotted in Fig. 9 along with our
data for 135-155 K listed in Table 3. The extrapolated values reported
by Stull (1947) are also shown. As described for NHg, these two data sets
were linked using a fit to the Cox equation (Eq. 18), where the tem-
perature and pressure of To = 290.4 K and Py = 326.2 Torr as measured
by Isambert were used as the anchor points in lieu of the triple-point
values. The best-fitting curve is shown in Fig. 9 and has the co-
efficients Ag = 2.4722, A; = 5.5227 x 10> K™}, and Ay = —1.4868 x
109 K2

5. Summary and applications

The refractive index, density, infrared band strengths, and infrared
optical constants of ammonium cyanide at 125 K have been measured.
Sublimation fluxes, vapor pressures, and enthalpy of sublimation of
NH4CN from 135 to 155 K also have been reported, representing some of
the first such measurements for this compound in over 140 years. The
vapor pressures and enthalpy of sublimation for NHg from 95 to 115 K
have also been measured. It was noted that the dissociation of the sub-
liming salt requires a different treatment than for a non-dissociating
compound such as ammonia, and it was found that there are in-
consistencies in the way that the sublimation enthalpy for NH4CN has
been reported in the literature.

The physical and spectroscopic properties of NH4CN reported here
can be used to understand observations of Solar-System bodies such as
comet 67P/Churyumov-Gerasimenko or other icy objects that contain
NH salts. IR spectral data and IR band strengths have also been pro-
vided to better understand the interstellar absorption features near 7 pm
suspected to be due in part to NH{.

Another possible application of this work has to do with the out-
gassing of cometary NHs. As a comet approaches the Sun in its orbit,
different gases are expected in its coma as a result of ice sublimation.
The comparison in Fig. 7, which includes new data for both ammonia
and NH4CN, may represent the order, from low temperature to high, in
which NH3, HCN, NH4CN, and HyO would sublime directly from the
surface of a comet nucleus. The contribution of ammonium cyanide to
the HCN or NH3 observed around comets would become apparent only
at smaller heliocentric distances than expected for single-component
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ices. NH4CN sublimating from dust particles may also provide a source
of the NH3, whose emission is observed for many comets and has been
correlated with HCN in some cases (e.g., by Dello Russo et al., 2016).
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