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ABSTRACT
First measurements of internal quantum-state distributions for nitric oxide (NO) evaporating from liquid benzyl alcohol are presented over
a broad range of temperatures, performed by liquid-microjet techniques in an essentially collision-free regime, with rotational/spin–orbit
populations in the 2Π1/2,3/2 manifolds measured by laser-induced fluorescence. The observed rotational distributions exhibit highly linear
(i.e., thermal) Boltzmann plots but notably reflect rotational temperatures (Trot) as much as 30 K lower than the liquid temperature (T jet).
A comparable lack of equilibrium behavior is also noted in the electronic degrees of freedom but with populations corresponding to spin–orbit
temperatures (TSO) consistently higher than Trot by ∼15 K. These results unambiguously demonstrate evaporation into a non-equilibrium
distribution, which, by detailed-balance considerations, predict quantum-state-dependent sticking coefficients for incident collisions of NO
at the gas–liquid interface. Comparison and parallels with previous experimental studies of NO thermal desorption and molecular-beam
scattering in other systems are discussed, which suggests the emergence of a self-consistent picture for the non-equilibrium dynamics.

Published by AIP Publishing. https://doi.org/10.1063/5.0143254

I. INTRODUCTION

It is well known that all parts of any system in thermal equi-
librium obey Boltzmann distributions characterized by the same
temperature.1 Of particular relevance to the present work, this has
profound implications for scattering, sticking, and evaporation of
molecules at the gas–liquid interface. Specifically, since vapor-phase
molecules in any thermal ensemble impinging on the liquid inter-
face are already in thermal equilibrium with the liquid, it is tempting
to think that molecules evaporating from the liquid should also
have an equivalent thermal distribution with respect to all inter-
nal (vibration, rotation, and electronic) and external (translation)
degrees of freedom. However, a more careful analysis2,3 indicates
that this conclusion is valid only if all impinging molecules inter-
act with the liquid long enough to lose all memory of their initial
state, that is, requiring unity sticking coefficients for all incident
molecules. This assumption is overly strong and need not always be
satisfied. Indeed, molecules with different collision speeds, incident

angles, and rotational, vibrational, and electronic-state distributions
would even be expected to have different propensities for elastic or
inelastic scattering vs sticking to the surface. In fact, detailed bal-
ance only requires that evaporation produces molecules in exactly
complimentary quantum state distributions with respect to scat-
tering, maintaining a perfect balance of incoming/outgoing fluxes
(Φinc = Φscat + Φevap) with respect to each internal quantum state
and velocity component. Simply stated, while the summed flux must
recapitulate the bulk temperature, the individual evaporating and
scattering fluxes need not be in thermal equilibrium with the liquid.4

This intriguing possibility of non-equilibrium dynamics at the
gas–surface interface has been the topic of multiple experimental5–10

and theoretical studies.3,11,12 Since it is experimentally difficult to
observe molecules evaporating from a liquid without collisional
scrambling of these distributions in the vapor phase, much of the
early research focused on desorption from metallic single crystals.
In particular, the experimental studies most relevant to our cur-
rent work are temperature-programmed desorption (TPD) of nitric
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oxide (NO) from ruthenium5,6 and platinum,7,8 thermal desorption
of NO from palladium upon laser heating,9 and NO scattering from
platinum.10 In these last experiments, it is worth noting that both
direct “impulsive scattering” (IS) and “trapping–desorption” (TD)
can, in principle, contribute to the scattering signals detected; how-
ever, for these studies, TD proves to be the predominant channel,
so the results observed largely reflect desorption dynamics. These
experiments demonstrate that, depending on the surface material
and temperature, the desorbing NO can be either in or out of thermal
equilibrium with the surface. At sufficiently low surface temper-
atures (Ts), the NO molecules desorb with thermal distributions
characterized by Ts. With increasing Ts, however, the translational
and rotational NO temperatures continue to increase monotonically
but eventually “lag” behind the surface temperature.

More recent experiments13 have studied evaporation of atoms
and small molecules from liquids with higher vapor pressures by
employing the liquid-microjet technique,14 which, by virtue of the
rapid ∼1/r drop-off in the vapor density around the liquid microjet,
can partially alleviate problems with post-evaporative collisions, but
only if the microjet radius (several micrometers) is smaller than the
equivalent mean free path in equilibrium vapor. For example, such
experiments demonstrate that escaping Ar atoms are in close ther-
mal equilibrium with the liquid surface (Ts), while evaporating He
atoms emerge substantially super-Maxwellian, that is, with higher
average kinetic energy than expected for Ts. Intriguingly, however,
evaporating H2 molecules appear to be sub-Maxwellian.15

Previous experiments in our group with liquid water micro-
jets16 aimed at studying surface dynamics for molecular NO escap-
ing from water, but both experimental results and detailed analysis
unambiguously indicate strong post-evaporative collisional effects
even for the smallest water-jet radius (∼2 μm) and lowest achiev-
able supercooled water temperatures (∼268 K) studied. Indeed, a
model16 that explicitly includes collisional cooling in the expanding
water vapor proved to be plausibly consistent with nascent NO evap-
orating in thermal equilibrium with the liquid surface. However,
since the NO–H2O collisional cross section for thermal equilibration
was unknown and treated as a fitting parameter, the exact mag-
nitude of any collisional cooling effects remained uncertain. Most
importantly, these earlier experimental results and analyses could
not rule out the possibility of non-equilibrium evaporation, although
the NO distributions were certainly impacted by post-evaporative
collisions with H2O. As a consequence, these first studies both
posed and answered some questions but left the biggest question
unresolved—does evaporation at the gas–liquid interface reflect an
equilibrium process at the quantum-state level? The main thrust of
the present work is to extend these microjet experiments to liquids
for which post-evaporative collision probabilities are significantly
suppressed, such that indications of non-equilibrium evaporation
dynamics at the gas–liquid interface can be revealed unambiguously.

For studies of temperature dependences, it is desirable to have
a solvent that remains a non-viscous liquid over experimentally
feasible temperatures and yet maintains a sufficiently low vapor
pressure in that range. A major problem, however, is that most
liquids with low vapor pressure tend to be so viscous that form-
ing a microjet is beyond experimental capabilities with 250 bar
pressure pumps. Moreover, even if backing pressures could be
increased to produce sufficient flow, frictional heating in the noz-
zle would substantially increase liquid temperature, thus narrowing

the range of accessible microjet temperatures. In addition to these
physical considerations, the solvent should be non-reactive with
the dissolved NO, non-corrosive to the pumping equipment, and
preferably non-poisonous.

We considered multiple inorganic and organic liquids at room
temperature, ultimately choosing benzyl alcohol (BnOH) as the
most promising candidate for several reasons. First of all, it is an
important industrial solvent with low toxicity, relatively low vapor
pressure (8 Pa ≈ 60 mTorr at 20 ○C), and reasonably low viscosity
(0.06 Pa s at 20 ○C, i.e., only six times greater than water).17 Further-
more, its melting point is −15 ○C, allowing us to extend studies to
lower temperatures than with water microjets. Finally, the elevated
boiling point (205 ○C) provides access to high temperatures as well,
since even at 50 ○C, the vapor pressure of BnOH (<100 Pa) is still
six times lower than of water at its triple point.17 From a chemi-
cal perspective, BnOH is aromatic alcohol, with an OH group to
incorporate some hydrogen-bonding solvent properties relevant to
water. In addition to low toxicity and tolerable odor, benzyl alco-
hol is compatible with polytetrafluorethylene (PTFE) and polyether
ether ketone (PEEK) plastic seals and does not corrode stainless
steel. Miscibility with methyl alcohol (MeOH) and partial miscibility
with water makes system purging and cleanup simple. Finally, NO
dissolves in but does not react with BnOH. Although we were unable
to find direct information on NO solubility in BnOH, it can be esti-
mated from NO solubilities in, for example, ethanol and toluene,18

both of which are an order of magnitude higher than NO solubility
in water. Thus, even though NO diffusion, which ultimately limits
NO evaporative flux from the microjet,16 is arguably slower in BnOH
than in water, this is more than compensated by higher dissolved
NO concentrations to produce sufficiently strong NO signals from
BnOH microjets.

II. EXPERIMENT
The experimental setup for the present work is largely based

on the apparatus from our previous water-microjet study16 and,
thus, can be described briefly, highlighting only the most important
differences. A high-vacuum chamber, pumped out by a turbomolec-
ular pump through a liquid-nitrogen cryogenic baffle, contains (see
Fig. 1) a quartz microjet nozzle mounted on a three-axis transla-
tional stage, entrance and exit light baffles for the excitation laser,
and a photomultiplier assembly for detection of the laser-induced
fluorescence (LIF). At the bottom of the vacuum chamber, the
microjet is collected in a glass bottle submerged in liquid nitrogen.

The solution preparation procedure is essentially the same,
replacing water with benzyl alcohol (Alfa Aesar, ACS-grade,
purity ≥99%) and passing NO from the gas cylinder through a
liquid-nitrogen–methanol trap to remove NO2 contamination.
Although the NO solubility in benzyl alcohol is not accurately
known, we estimate (see above) that 2.7 bar (2,000 Torr) equilibrium
NO pressures correspond to ∼50 mM NO concentrations (∼10−3

molar fraction). After preparation, this NO/BnOH solution is trans-
ferred from the mixing cylinder to the syringe pump and kept under
high pressure during the course of experiments.

The liquid-delivery system was modified by replacing the valves
with higher-pressure models (Swagelok SS-4SKPS2 and SS-83XPS2),
allowing the use of the full pressure range of the syringe pump (up
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FIG. 1. Schematic drawing of the experimental arrangement (not to scale). The
downstream distance z is measured vertically from the nozzle exit. The distance y
from the jet is measured horizontally from the jet axis.

to 258 bars), which is essential for forming microjets with more vis-
cous liquids. Especially important is a three-way value for switching
the nozzle line between the syringe pump containing the NO/BnOH
solution and a purging cylinder supplying MeOH at 30 bars for
purging the nozzle between experiments. This system provides con-
tinuous flow of the liquid through the nozzle, greatly reducing
clogging problems. The process of a complete switch between the
working and purging liquids takes ∼30 min, as determined by mon-
itoring the NO LIF signal and microjet parameters such as flow
rate and laminar length, both of which differ significantly between
MeOH and BnOH.

Other modifications are related to the liquid temperature con-
trol. The HPLC filter used in the water microjet experiments16

was replaced by a short HPLC guard column (Idex C-130B, 2 mm
× 2 cm), packed with gold powder for more efficient heat transfer.
The resulting ∼50 μl internal volume at typical ∼100 μl/min flow
rates leads to ∼30 s residence times, sufficient for complete temper-
ature equilibration of the solution with the filter body. A resistance
temperature detector (RTD), in addition to the thermocouple (TC)
at the filter center, is attached to the filter body near the nozzle
mount for redundant temperature readout and monitoring gradi-
ents along the filter during temperature adjustments. The temper-
ature of the “coolant” (ethanol or ethanol–water mixture) pumped
through the coil soldered to the filter body16 is controlled by water-
cooled Peltier modules (TE Technology HP-199-1.4-1.15). These
can be powered in the forward or reverse direction to provide both
cooling and heating, thereby allowing continuous control of the filter
temperature between −24 ○C and at least +50 ○C. This experimental
upper limit arises from safety concerns about the reliability of plastic
seals separating the high-pressure liquid from high vacuum.

Compared to previous water-microjet experiments, the BnOH
microjet diameter is increased twofold, to ∅8.5 ± 0.1 μm (nozzles
made from New Objective SilicaTips electrospray emitters with a
nominal ∅10 μm), in order to enable the formation of a microjet
with the more viscous BnOH liquid. During the experiments, the
backing pressure was adjusted between 35 and 258 bars to com-
pensate for the temperature-dependent viscosity and maintain the
flow rate at 110 μl/min (except at the lowest temperature, −23 ○C,

where the flow dropped to 90 μl/min at the highest available pres-
sure; see Fig. S1 in the supplementary material), corresponding
to a 32 m/s jet speed. The laminar flow length of the micro-
jet, before the breakup due to the Rayleigh–Plateau instability, is
also temperature-dependent, varying between 2 mm at +50 ○C and
4.5 mm at −23 ○C.

Major improvement in LIF measurement capabilities is
obtained by upgrading the 10 Hz laser system previously shared with
the room-temperature ionic liquid (RTIL) and molten-metal scat-
tering experiments19,20 to a new laser system consisting of a Nd:YAG
pump laser (Continuum Surelite II) operating at 20 Hz and a double-
grating dye laser with a built-in frequency-tripling unit (Radiant
Dyes NarrowScan). The doubled repetition rate allows scanning
the relevant NO spectral range from 44 040 to 44 500 cm−1 with
0.02 cm−1 steps in about 20 min, with typically at least two scans
performed consecutively under the same experimental conditions
to confirm reproducibility. To ensure linearity of the LIF response,
room-temperature spectra for a static NO fill (5 ⋅ 10−6 mbar, sim-
ilar to NO evaporant density from the microjet, in 0.13 mbar He
buffer) have been recorded and analyzed over a range of laser
pulse energies and, as a result, 1 μJ was chosen for all reported
measurements. During each scan, this pulse energy is stabilized
by automatically adjusting the Nd:YAG pump power, resulting in
< 10% pulse-to-pulse RMS variation and no long-term drift.

A final significant improvement involves blocking the excita-
tion laser light scattered by the microjet and nozzle from reaching
the LIF-detector PMT. Although the laser beam is spatially filtered to
a nearly Gaussian shape before entering the vacuum chamber, ∼0.5%
of the energy is still distributed into diffraction rings surrounding
the central spot. When scattered from the microjet and nozzle, the
intensity of this weak light can, nevertheless, easily exceed the LIF
signal intensity from the much lower-density evaporating NO. Even
though ≳90% of the excitation light is blocked by a color filter, the
remaining fraction can still cause transient overloading of the PMT.
Thus, in previous experiments, the laser beam (with a ∼0.5 mm
half-intensity radius) had to be positioned at least 2 mm from the
microjet. These problems are largely eliminated in the present work
by the addition of two light-blocking strips. The first strip, schemat-
ically shown as a dashed contour in Fig. 1, reduces the amount of
stray laser light hitting the nozzle and microjet, without affecting the
central Gaussian part of the laser beam. The second is a 4 mm wide
strip running horizontally (only cross section visible in Fig. 1) across
the front of the LIF-collecting objective. This strip completely blocks
the predominantly horizontal line of the laser light scattered from
a vertical cylindrical microjet, while discarding only ∼10% of LIF
radiation reaching the lens. Experiments confirm the effectiveness
of both these measures, which allows us to perform LIF measure-
ments almost two times closer to the microjet (at 1.2 mm), despite
its twofold larger diameter.

III. RESULTS
A typical LIF spectrum of NO evaporating from the BnOH

microjet is shown in Fig. 2. As the new laser system is different from
the previous one,16 the line shape used in the spectral fitting proce-
dure had to be modified. An empirical form reasonably reproducing
the experimental data was found to be a weighted sum of a nar-
row Gaussian exp[−x2

/(2σ2
)] and a wider two-sided exponential
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FIG. 2. A small sample region of the full LIF spectrum for NO evaporating from a
∅8.5 μm BnOH microjet (17 ○C filter temperature, laser at z = 1 mm downstream,
and y = 1.2 mm from the jet). The black line shows the experimental fluorescence
intensity normalized to the laser pulse energy, the red line shows the best fit, and
the gray line below shows the normalized residuals.

(Laplace distribution) exp(−∣x∣/γ). As before, all lines in the spec-
trum share the globally fit width parameters σ and γ and the ratio
of Gaussian/Laplace contributions, with relative quantum state pop-
ulations obtained from integrated intensities of the corresponding
spectral lines. Careful inspection of Fig. 2 reveals that normalized
residuals are less random than in the previous work,16 but the fit
quality is, nevertheless, quite sufficient for extracting reliable NO
populations.

Similar to our previous studies with water microjets,16 the
extracted quantum-state populations in each spin–orbit manifold
(see Figs. S5 and S6 in the supplementary material) are indistinguish-
able within experimental uncertainty from an identical Boltzmann
distribution of rotational levels. The data for each spin–orbit mani-
fold are, therefore, combined to yield a single rotational temperature
(Trot) in further analysis. However, the effective spin–orbit tempera-
tures (TSO), obtained from integrated populations in each manifold,
are routinely different from the rotational temperatures. As men-
tioned above, several spectra were recorded under each experimental
condition (filter temperature Tf and flow rate), all demonstrating
high levels of reproducibility (see Fig. S7 in the supplementary
material). Thus, in Fig. 3, we present averaged results and sta-
tistical uncertainties calculated from all data taken at each liquid
temperature.

Interestingly, the overall positive correlation of the total evap-
orating NO signal [Fig. 3(a)] with the BnOH temperature is quali-
tatively similar to previous observations in water microjets.16 This
is almost certainly due to the temperature dependence of the NO
diffusion coefficient in liquid BnOH, which limits the NO escape
rate from the microjet. However, we are unaware of any reports
on temperature-dependent diffusion rates for of NO in BnOH, and
thus, no quantitative comparison can be offered at this time.

On the other hand, the NO rotational and spin–orbit temper-
atures [Fig. 3(b)] show quite promising trends opposite to what was
observed for water microjets, now positively (instead of negatively)
correlated with filter temperature. However, for a truly quantitative
comparison of NO rotational and spin–orbit temperatures with the

FIG. 3. Spin–orbit populations {[2Π1/2] and [2Π3/2], panel (a)} and rotational and
spin–orbit temperatures [T rot and TSO, panel (b)] of NO evaporating from a ∅8.5
μm BnOH microjet, measured at z = 1 mm and y = 1.2 mm, for various filter
temperatures T f. The error bars encompass fitting uncertainties and run-to-run
variations (at least two runs are performed for each T f setting). The simulated
microjet temperature T jet, including frictional heating and evaporative cooling, is
shown for comparison by the black line for z = 1 mm; the gray dotted region
indicates the range of estimates evaluated over the 0 ≤ z ≤ 2 mm range.

liquid-surface temperature, we must take into account two addi-
tional effects. The first is frictional heating of BnOH as it passes
through the nozzle. This heating is much stronger than for water
due to the much higher viscosity and lower heat capacity of BnOH17

and varies from 1.5 K at the highest filter temperature to 12 K at
the lowest (see Fig. S2 in the supplementary material). The second
contribution is due to evaporative cooling of the microjet propa-
gating in vacuum. Interestingly and in stark contrast to water, this
effect is now almost negligible due to the much lower vapor pressure
and specific heat of evaporation of BnOH,17 reaching only −0.6 K
at the highest filter temperature (see Fig. S3 in the supplementary
material). The combined impact of these two additional effects on
T jet is plotted (solid line) in Fig. 3 as a function of the experimentally
controlled filter temperature Tf.

Finally, we tested for possible signal contamination by back-
ground NO scattered from colder or warmer parts of the vacuum
chamber by horizontally moving the nozzle to y = 10 mm from the
microjet. Such an eightfold lateral displacement resulted in a fivefold
drop in the overall LIF intensity but with no change in the fitted NO
rotational and spin–orbit temperatures. Thus, we are confident that
any effects due to background NO are negligible within our reported
experimental uncertainties.
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IV. DISCUSSION
A. Estimation of collisional cooling

In a previous water-microjet study,16 we also observed NO
rotational temperatures significantly lower than the liquid-surface
temperature. However, it was also expected that for water micro-
jets even of the smallest experimentally feasible radius, collisions in
the vapor could not be suppressed completely. Thus, we developed
a simple analytical model for post-evaporative rotational cooling of
NO molecules by inelastic collisions with adiabatically expanding
water vapor. Notably, this model was able to fit the experimental
results remarkably well, assuming that NO molecules evaporate in
thermal equilibrium with the water surface and then cool in colli-
sions with the co-expanding water vapor, with a modest rotational
relaxation cross section (σ ∼ 13 Å2).

While the BnOH vapor pressures are much lower, the colli-
sional cross sections are expected to be larger; we, therefore, might
still expect some collisional effects. Based on the same modeling
described in the water-microjet studies, Fig. 4 displays the exper-
imentally measured NO rotational temperature as a function of
the microjet surface temperature compared with predictions of our
collisional-cooling model, again assuming NO evaporation in ther-
mal equilibrium and calculated for a range of rotational relaxation
cross sections. The plots immediately reveal two important facts.
First of all, a broad comparison of trends is qualitatively poor and
completely different from the excellent agreement obtained in the
water-microjet studies. Second, to even qualitatively attribute the
magnitude of these observed temperature differences to collisional
cooling, the inelastic cross sections would need to be at least an
order of magnitude larger (>100 Å2). More importantly, however,

FIG. 4. Comparison of the experimental rotational temperatures with the predic-
tions of the collisional-cooling model assuming thermal equilibrium at the microjet
surface, plotted for various effective collisional cross sections σ. Most importantly,
no value of σ even qualitatively reproduces the experimental results, which, there-
fore, provide the first evidence for non-equilibrium evaporation dynamics. The gray
dotted region shows the predicted range of microjet temperatures between 0 and
2 mm downstream. The dashed gray line is a linear dependence T rot = 0.62 T jet
+ 93 K fitted to the experimental data points.

the experimental and predicted model dependences exhibit com-
pletely different shapes, such that even if we assume cross sections
large enough to reproduce the magnitude of experimental temper-
ature differences, the correlations between Trot and T jet would be
negative (as observed for water) instead of positive.

We can, therefore, conclude that the measured asymptotic NO
rotational temperatures are inconsistent with evaporation in ther-
mal equilibrium and subsequent collisional cooling, but instead
must arise from non-equilibrium evaporation dynamics at the liq-
uid surface. The post-evaporative collisional effects are negligible
(assuming physically reasonable inelastic cross sections), except
maybe at the highest surface temperatures. It is worth emphasiz-
ing, however, that such a collision-cooling model assumes that the
vapor behaves as an adiabatically expanding ideal gas. This, in
turn, requires sufficient collisions among the evaporating BnOH
molecules, an assumption that might not hold even at the highest
microjet temperatures, where BnOH vapor pressures are still rela-
tively low. Therefore, the expanding BnOH vapor is likely to cool
less than our simple model predicts, thus making any cooling effects
on the NO co-evaporant molecules even more negligible.

B. Comparison with other systems
From Fig. 4, the observed dependence of NO rotational temper-

atures Trot on microjet temperatures T jet appears to be remarkably
linear (slope ∼0.62) over the experimental range sampled. This
empirical simplicity might at first seem surprising, but, in fact, very
similar behavior has been previously observed in several other sys-
tems and merits some discussion. Perhaps the most relevant are the
experimental studies of NO temperature-programmed desorption
(TPD) from solid metals. Although a metallic crystal face is obvi-
ously quite different from a liquid surface, the crucial parallel is that
adsorbed/dissolved NO molecules in both experiments spend min-
utes to hours in contact with the substrate and, thus, are rigorously
in thermal equilibrium with it until they desorb/evaporate. Never-
theless, NO thermally desorbing from a Ru(001) surface at Ts = 455
± 20 K exhibits a Boltzmann rotational distribution with a sig-
nificantly lower rotational temperature Trot = 235 ± 35 K,5 and a
similarly low translational temperature T∣∣ = 235 ± 45 K.6 Moreover,
similar studies of NO desorbing from Pt(111) at several surface
temperatures7,8 again yielded cleanly Boltzmann rotational distri-
butions, but with an interesting transition from “equilibrium” to
“non-equilibrium” behavior depending on the surface temperature.
Specifically, for the lowest temperatures (up to Ts ≈ 200 K), NO
desorbs with Trot ≈ Ts (similar to sublimation of solid NO films at
50 K21), but beyond Ts ≳ 300 K, the desorbing NO exhibits Trot val-
ues systematically lower than Ts. Experiments9 with laser heating of
NO adsorbed on Pd(111) to Ts = 1100 ± 100 K also yielded NO ther-
mally desorbing in a Boltzmann rotational distribution, but with Trot
= 640 ± 40 K, i.e., again much lower than Ts.

Molecular-beam scattering experiments arguably offer far bet-
ter control of initial quantum states and access to a broader range
of surface temperatures, but their interpretation in terms of desorp-
tion requires the additional assumption that all incident molecules
stick to the surface and fully accommodate before leaving (i.e.,
“trapping–desorption” mechanism). This assumption is likely to be
justified for scattered molecules yielding diffuse angular distribution
and zero dependence on incident angles and energies. Studies10 of
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NO scattering from a Pt(111) surface over Ts = 200–890 K demon-
strated such diffuse and angle/energy-independent behaviors, with
the quantum-state populations consistent with TPD studies on
NO/Pt(111)7,8 but now extendable to much higher temperatures
that permit examination of the dependence of Trot on Ts. The
results show that, for Ts ≲ 300 K, the scattered NO emerges with
Trot ≈ Ts, while at higher Ts ≳ 300 K, the NO rotational tempera-
ture starts to deviate linearly from TS with a local slope dTrot/dTs
∼ 1/4, qualitatively similar to the NO evaporation behavior observed
in the present work. The authors of these early scattering stud-
ies interpreted their results as the effect of temperature-dependent
NO surface coverage and incomplete rotational accommodation at
higher surface temperatures. In our case, however, NO coverage of
the liquid surface is negligible at any temperature, and, although
the evaporating NO molecules might not spend a long time at the
surface, they were surely equilibrated with the bulk liquid.

Of the greatest relevance to the present microjet studies, there
have also been quantum-state-resolved scattering experiments with
low-vapor-pressure liquids demonstrating a similarly clean linear
Trot dependence on Ts. For example, in NO scattering from a room-
temperature ionic liquid (RTIL) surface,19 a distinctly linear depen-
dence of Trot on Ts was observed for the trapping–desorption (TD)
channel, with the slope ∼0.6, this time even qualitatively match-
ing the present NO evaporation results. It is worth noting that in
these RTIL studies, not only was the spin–orbit ratio not in equilib-
rium with Ts, but also the two spin–orbit manifolds had different
rotational temperatures, although with the same dTrot/dTs slope.
Interestingly, Trot for the upper spin–orbit manifold was even higher
than Ts at the lower range of liquid temperatures studied. In these
experiments, however, the incident NO energy was high enough
(Einc = 2.7 kJ/mol ≈ 940 cm−1) to leave ample excess energy (for
comparison, kT ≈ 200 cm−1 at T ≈ 300 K) even after excitation into
the upper spin–orbit manifold (ΔESO ≈ 123 cm−1).22 Furthermore, it
was noted that both the conductive and charged nature of the RTIL
surface could be responsible for additional non-adiabatic electronic
effects due to electron transfer into a transient anionic NO−(3Σ)
state.19

Interestingly, high-resolution infrared Doppler rota-
tion/translation studies of low-energy scattering of CO (closed-shell
but otherwise similar to NO) from various organic liquids (PFPE,
squalane, and glycerol)23 also reveal a remarkably linear dependence
of both Trot and Ttrans on Ts, now with slopes dTrot, trans/dTs
∼ 0.5 and independent of any obvious physical properties of the
liquids. Similar to the present work, the measured CO distribu-
tions emerged in each case systematically colder than Ts over a
wide range of temperatures. The observed gap between Trot, trans
and Ts decreases at lower temperatures, but the experimental
range sampled was insufficient to determine whether the linear
behavior would continue, in principle, eventually leading to
non-equilibrium behavior in reverse order (i.e., Trot/trans > Ts), or,
more likely, smoothly transitioning to equilibrium behavior with
Trot ≈ Ttrans ≈ Ts.

C. Theoretical considerations
Several simple theoretical models have been proposed for the

variety of non-equilibrium behaviors observed in the aforemen-
tioned experiments. Unfortunately, while such models qualitatively

rationalize some of the measurements, none even qualitatively
reproduces our present results. For example, models assuming that
molecules transiently attached to the surface have constrained angu-
lar motion and that these constraints non-adiabatically disappear
on desorption always predict non-Boltzmann final-state distribu-
tions, with an enhanced rotational tail and, thus, always “hotter”
than Ts.24 Alternatively, models that assume molecules at the surface
to be free 2D rotors (constrained to in-plane rotation) that adiabati-
cally become 3D rotors with internal energy shuffled but conserved
upon desorption25 predict Trot ≈ Ts/2, which yields a reasonable
dTtr/dTs slope but fails to account for the fact that Trot approaches
Ts at some finite, non-zero temperature. Yet, a third model assumes
that molecules at the surface are nearly free 3D rotors, and desorp-
tion occurs by adiabatic partial conversion of their rotational energy
to out-of-plane translation required to overcome the potential bar-
rier.26 Such a model predicts markedly non-Boltzmann distribu-
tions, this time with a high-J tail corresponding to Ts but with the
low-J states substantially over-populated, neither feature of which is
evident in the present experiments.

On the other hand, numerical classical trajectory simulations
for simple model potentials can reproduce previous experimental
results quite well. For example, simulations of NO scattering from
Ag(111) and Pt(111)27 yield Boltzmann-like rotational distributions
with Trot≈Ts below some threshold Ts and then a linear dependence
of Trot on Ts with a sub-unity slope. Agreement with the experiment
is nearly quantitative, though the model-potential parameters have
been optimized for the best reproduction of the data. Nevertheless,
the number of free parameters was small, and their fitted values were
consistent with general expectations. Moreover, the authors noted
that the fitted potentials cannot be considered accurate because their
predicted temperatures are not very sensitive to fine details of the
potentials. From our perspective, this is good news and suggests that
the observed dynamical behavior may be more general rather than
specific to a particular choice of molecule/crystal scattering system.

Similarly, numerical simulations of low-energy CO scattering
from liquids with classical molecular dynamics in ab initio-based
model potentials were also able to reproduce experimental results
remarkably well.23 The theoretical simulations have been performed
over a much broader Ts range than experimentally accessible and,
interestingly, yielded a roughly linear dependence of Trot on Ts
without any transition to Trot ≈ Ts behavior at the lowest surface
temperatures. As a result, the simulations predict Trot in excess of Ts
by as much as 50 K at sufficiently low surface temperatures. Curi-
ously, this excess CO thermal energy (rotational plus translational,
5
2 kΔT ∼ 1 kJ/mol for ΔT ∼ 50 K) at the lowest Ts in these simula-
tions, in fact, even exceeds the incident CO kinetic energy.23 Such
a “super-thermal” scattering might appear surprising at first sight
but is really no more so than “sub-thermal” scattering. The only
difference is that, while at higher surface temperatures, the state-
dependent sticking coefficient for faster and rotationally excited CO
molecules is lower than for CO with lower translational and rota-
tional energies, this dependence could be biased in the opposite
direction for lower Ts. In any event, such behavior does not violate
the first and second laws of thermodynamics in terms of detailed
balance and quantum-state-dependent sticking coefficients.2,3

While coarse theoretical modeling28 and indirect experimen-
tal evidence29,30 suggest that the BnOH liquid surface is composed
mostly of benzene rings, we are not aware of any studies regarding
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NO–BnOH interactions, even in the gas phase. Therefore, perform-
ing any numerical simulations of NO evaporation from liquid BnOH
would require efforts beyond the scope of the present experimen-
tal studies. We hope, however, that our results will spark interest
in studying this system theoretically, and in addition to reproduc-
ing them in numerical simulations, the general similarities leading to
such non-equilibrium behavior in various systems discussed above
will be discovered.

D. Empirical models
The current evidence for rotationally non-equilibrated evap-

oration of NO from a liquid is, to the best of our knowledge,
unprecedented, and for which any analytic theoretical description
of the energy-transfer dynamics remains elusive. In the hopes of
stimulating further theoretical progress, however, we can offer the
following empirical models.

If the sticking coefficients are considered phenomenologically,
it is easy to show that in order to obtain a state distribution that is
also Boltzmann but with a different rotational temperature, the stick-
ing coefficient must have an exponential dependence on rotational
energy,

S(E) =
pexpt(E)
peq(E)

∼
exp (−E/kTrot)

exp (−E/kTjet)

= exp [−
E
k
(

1
Trot
−

1
Tjet
)] = exp(−

E
kT0
),

where T0 = (T−1
rot − T−1

jet )
−1

is some characteristic temperature
describing the energy scale for the rotational-state dependence of the
sticking coefficient.9 Note that T0 is not necessarily directly related
to any other energetic characteristics of the system, in particular,
T0 → ∞ in the equilibrium case with Trot ≈ T jet. So far, T0 can be
considered simply as a fitting parameter, but if it is known, the evap-
orant rotational temperature could be predicted for any microjet
temperature from Trot = (T−1

jet + T−1
0 )

−1
.

The simplest assumption would be that T0 does not depend on
the surface temperature at all. Examples of such NO rotational tem-
perature dependences for several assumed T0 values are shown in
Fig. 5 together with experimental data for comparison. As evident
in Fig. 5, this model correctly predicts a smooth transition from Trot
≈ T jet at very low microjet temperatures to Trot < T jet at higher T jet.
However, no single T0 value quantitatively reproduces the experi-
mental dependence of Trot on T jet. Specifically, while T0 ≈ 4000 K
may match the average temperature deviations, the predicted slope
in the experimental T jet range is quite wrong, so that Trot is signif-
icantly underestimated at the lowest T jet and overestimated at the
highest. On the other hand, the T0 ≈ 1000 K predictions match the
linear slope in the relevant range but underestimate all experimental
Trot values by ∼100 K.

Such discrepancies clearly indicate that T0 must depend on T jet.
Furthermore, if we calculate T0 for all experimental T jet and cor-
responding Trot values (see Fig. 6), we see that this dependence is
quite strong, exhibiting ∼threefold variation over the experimental
range explored. While shamelessly empirical, Fig. 6 summarizes our
attempts to fit the observed dependence with some simple func-
tions (for which we currently have neither intuitive pictures nor
compelling physical motivation):

FIG. 5. Comparison of the experimental rotational temperatures T rot with the
predictions of the model assuming exponentially decreasing sticking coefficient9
with a constant characteristic temperature T0, plotted for various T0 values. The
dashed gray line is the same as in Fig. 4.

● Linear dependence of inverse temperature: T−1
0 = T−1

(0)
+ αTjet, with two adjustable parameters T(0) and α. This
dependence predicts negative values of T0 for low T jet, which
would imply sticking coefficients exponentially growing with
rotational energy. To satisfy S(E) ≤ 1, however, this growth
range must be limited, meaning that S(E) is exponential
only at low energies but must saturate or even decrease
at high energies, where quantum-state populations drop
significantly.

● Hyperbolic dependence: T0 = T lim + α/(T jet − Tc), with
three adjustable parameters—limiting value T lim, scale factor
α, and critical surface temperature Tc.

FIG. 6. Inverse characteristic temperatures T−1
0 = T−1

rot − T−1
jet for each experimen-

tal data point and several empirical fitting curves (see text for details).
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● Logistic-function dependence: T−1
0 = T−1

max/

(1 + exp [(Tc − Tjet)/Tw]), with three adjustable
parameters—upper limit Tmax, transition temperature
Tc, and width Tw.

● Fermi–Dirac function dependence: T−1
0

= T−1
max/[exp (Tc/Tjet) + 1], with two adjustable

parameters—upper limit Tmax and characteristic
temperature Tc.

The dependence of Trot on T jet predicted by these empirical
models is shown in Fig. 7, each matching available data within
experimental uncertainties but extrapolating to dramatically dif-
ferent and often non-physical behaviors outside the experimental
range. For example, the “linear T−1

0 ” model predicts Trot ≳ T jet for
T jet < 250 K and a reversed order Trot < T jet for T jet > 250 K. The
model predicts a curious local maximum in Trot at T jet ∼ 500 K
and is asymptotically unphysical with Trot → 0 as T jet → ∞. The
“hyperbolic T0” model behaves reasonably at T jet ≳ 250 K, pre-
dicting monotonic Trot growth up to some asymptotic limit, but
diverges completely unphysically at T jet ∼ 200 K. The “logistic”
model, with T−1

0 smoothly varying from 0 to Tmax ∼ 3000 K over
a relatively narrow range of microjet temperatures, predicts Trot
≈ T jet up to T jet ∼ 200 K, above which Trot deviates from T jet almost
linearly and then slowly levels off, asymptotically approaching Trot
= Tmax as Trot → ∞. The “Fermi–Dirac” model exhibits an equiv-
alent behavior at low T jet, but, similarly to the “linear T−1

0 ” model,
predicts Trot to drop at T jet ≳ 400 K, although to a finite value
instead of 0.

While each of these empirical fits adequately describes the
experimental data, the T jet range studied is simply insufficient to
make any meaningful distinctions between them. However, outside
the studied T jet range, they make quite different predictions, which
potentially can be experimentally tested. What is clearly needed
are more physically motivated theoretical models for the functional
dependence of Trot on T jet in order to extract further insight into the
microscopic evaporation dynamics.

FIG. 7. Rotational temperatures T rot predicted by various empirical models for
the dependence of T0 on T jet (see Fig. 6). The inset shows a blow-up of the
experimentally studied region.

E. Final remarks
Experimentally, the T jet range could be extended to somewhat

higher temperatures, but already at 350 K, BnOH vapor pressure
becomes comparable to water vapor pressure at its freezing point,
and thus, collisional effects, clearly evident in our previous water-
microjet studies,16 are expected to play a significant role and com-
plicate the analysis. Extension to lower microjet temperatures would
be more interesting, as the linear Trot trend seen in Figs. 4 and 5
should cross the Trot = T jet line at 245 K, only 20 K below the studied
range. While it is below the BnOH freezing temperature, it might
be possible to supercool the liquid. However, the BnOH viscosity
rises tremendously at low temperatures, demanding much higher
pressures to push the liquid through the microjet nozzle. In addi-
tion, this increases the frictional heating in the nozzle (see Fig. S2
in the supplementary material), which in turn would require super-
cooling by much more than 20 K. A switch to a larger-diameter
nozzle (made possible by lower vapor pressures at lower tempera-
tures) could potentially solve this problem but is beyond the scope
of the present work.

So far, we have focused only on rotational non-equilibrium
effects, but a few words can also be said about spin–orbit temper-
atures. As seen from Fig. 3, TSO is everywhere greater than Trot by
∼15 K or ∼5%, although the limited temperature range and mea-
surement accuracy do not allow us to conclude whether this is a
constant offset, a constant ratio, or something else. Unlike Trot, the
effective spin–orbit temperature TSO dependence actually does cross
the T jet line, with TSO > T jet at the lowest surface temperatures. How-
ever, in contrast to Trot, which is extracted from highly redundant
population distributions over many tens of individual states, TSO is
essentially determined from a single population ratio [2Π3/2]/[2Π1/2].
Consequently, deviations of TSO from TS could, in principle, sim-
ply reflect unknown shifts in spin–orbit energies for NO dissolved
in BnOH and inefficient spin–orbit equilibration during the molec-
ular escape event. Alternatively interpreted from a detailed-balance
perspective, the NO evaporant would unambiguously exhibit such
non-equilibrium spin–orbit populations if sticking coefficients for
NO impinging on a BnOH liquid surface were different for 2Π1/2
and 2Π3/2 spin–orbit states. It is interesting to note that in previous
studies21 of NO sublimation at Ts = 50 ± 3 K, despite the other-
wise expected “equilibrium” picture in terms of rotations (Trot ≈ Ts)
and a cosθ angular flux distribution, spin–orbit temperatures TSO
= 70 ± 12 K noticeably higher than Ts were found, which was puta-
tively attributed to exactly such a spin–orbit dependence of sticking
coefficients.

Finally, we note that the experimental measurements per-
formed in the present studies have so far provided no information
on translational distributions. However, if NO evaporation from
the BnOH microjet surface is “rotationally mediated,” then strong
coupling between (hindered) rotational and translational degrees of
freedom during molecular evaporation should lead to a correlation
between translational and rotational energies, which would affect
rotational-state flux distributions. We perform quantum-state-
resolved density measurements, and the flux–density relationship in
turn depends on state-specific speed distributions.31–33 That is, if a
sufficiently strong correlation exists, our measured rotational distri-
butions might be biased. To overcome this problem, future exper-
iments with resonance-enhanced multiphoton ionization (REMPI)
of NO with subsequent time-of-flight measurements are possible
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and would provide velocity distribution for each quantum state,
thus allowing one to both explore these rotation–translation cor-
relations and reveal a more detailed picture of equilibrium vs non-
equilibrium dynamics in rotation/translation/spin–orbit degrees of
freedom.

V. CONCLUSION
Benzyl alcohol has a vapor pressure that is too high to study

evaporation dynamics with bulk planar samples, but at the same
time, sufficiently low such that we were able to study evaporation of
dissolved NO from a BnOH microjet in an essentially collision-free
regime. The results unambiguously demonstrate that NO evaporant
emerges rotationally colder than the BnOH liquid surface, with the
temperature difference increasing approximately linearly from −8 K
at T jet ≈ 265 K to as much as −30 K by T jet ≈ 325 K. These results
are unique in the sense that this is the first time that rotationally
non-equilibrated evaporation from a liquid surface has been con-
clusively demonstrated and reported. Interestingly, however, these
results closely resemble similar findings in other experiments based
on NO thermal desorption and scattering from metallic single crys-
tals, as well as NO and CO scattering from low-vapor-pressure
liquids. While numerical simulations are beyond the scope of the
present work, such simulations have proven quite successful for the
interpretation of previous experimental studies. Specifically, they
have shown that even classical trajectory simulations with relatively
simple model potentials can reproduce such “rotational cooling”
effects, in some cases even semi-quantitatively. However, we are
aware of no conceptual theoretical model proposed to date that
properly describes these non-equilibrium effects and, in particu-
lar, makes quantitative predictions for the dependence of Trot on
the surface temperature Ts. Nevertheless, the remarkable similarity
between results for such diverse systems as evaporation, desorption,
and scattering of NO and CO from conductive and non-conductive
single crystals and liquids suggests that such behaviors must be
closely related and, someday, theoretically derivable from general
physical principles. It is our hope that these microjet studies have
contributed toward stimulating further experimental and theoret-
ical interest into deeper elucidation of the underlying physics for
such fascinating yet complex non-equilibrium gas–liquid interfacial
phenomena.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional plots of experi-
mental conditions, estimated microjet frictional heating and evapo-
rative cooling, Boltzmann plots, and raw results extracted from LIF
spectra fitting.
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