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Abstract

The evaporation and scattering of ND3 from a dodecane flat liquid jet are investigated and the

results are compared with previous studies on molecular beam scattering from liquid surfaces.

Evaporation is well-described by a Maxwell–Boltzmann flux distribution with a cosθ angular

distribution at the liquid temperature. Scattering experiments at Ei = 28.8 kJ mol−1 over a range of

deflection angles show evidence for impulsive scattering and thermal desorption. At a deflection

angle  of  90°,  the  thermal  desorption  fraction  is  0.49,  which  is  higher  than  other  molecules

previously scattered from dodecane and consistent with work performed on NH3 scattering from

a squalane wetted wheel. ND3 scattering from dodecane results in super-specular scattering, as

seen in previous experiments on dodecane. The impulsive scattering channel is fitted to a “soft-

sphere” model, yielding an effective surface mass of 55 amu and an internal excitation of 5.08 kJ

mol−1. Overall, impulsively scattered ND3 behaves similarly to other small molecules scattered

from dodecane.
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Introduction

The  gas–liquid  interface  plays  a  key  role  in  several  processes  including  acid  rain

formation,  aerosol  surface  chemistry,  and  carbon  capture  at  the  ocean  surface.1-4 These

considerations have motivated the development of experimental techniques to probe structure and

reactivity  at  this  interface,  including  second  harmonic  and  sum-frequency  generation

spectroscopies,5 X-ray  photoelectron  spectroscopy  of  liquid  jets,6 and  mass  spectrometry  of

aerosols created in electrospray ionization.7 Some of the most insightful work in this area has

been carried out by Nathanson and co-workers, whose studies of molecular beam scattering from

liquid surfaces have uncovered unprecedented mechanistic detail behind gas–liquid interactions.8-

10 

Molecular beam scattering is a powerful technique that has been used for over a half-

century to study chemical dynamics.11-19 Advances in the field have enabled the elucidation of the

dynamics and mechanistic details of gas-phase and gas–surface chemical reactions. The major

challenge of extending molecular beam scattering to the gas–liquid interface is that the liquid

must be compatible with a high vacuum environment. This ensures that the mean free path is

sufficiently large to minimize collisions with the vapor jacket that surrounds a liquid sample. The

original molecular beam experiments performed to probe the gas–liquid interface were done with

a wetted wheel which allowed for the study of liquids with vapor pressures below 10−3 Torr.20-24 

Experiments on more volatile liquids have been enabled through the efforts of Faubel and

co-workers who developed a cylindrical liquid microjet that allows for these liquids to be vacuum
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compatible.25, 26 While liquid microjets allow for the study of a larger array of liquid samples than

the  wetted  wheel,  they  pose  specific  problems  when  attempting  molecular  beam  scattering

experiments. First, cylindrical jets, which are typically 20 to 30 μm in diameter, present a small

cross-sectional area to an incident molecular beam and thus yield poor signal-to-noise ratios in a

scattering experiment. Second, cylindrical microjets do not allow for angularly-resolved scattering

measurements.10 Taking these considerations into account, our group incorporated a flat liquid jet

into molecular  beam scattering experiments using a microfluidic chip.27 The flat  liquid jet  is

formed  by  colliding  two  cylindrical  microjets  within  the  chip  to  form a  flat  surface,  which

provides a much larger scattering target (~1 mm). This simultaneously solves the issues of low

signal-to-noise ratios and loss of angular specificity.

The development of the flat liquid jet motivated two recent studies by our research group,

in which Ne, CD4, and D2O were scattered from dodecane.28, 29 Dodecane was chosen as a target

liquid specifically because of its relatively high vapor pressure (1.5 × 10−2 Torr at 275 K).26 All

scatterers share a mass of 20 amu but differ in their dipole moment, polarizability, and solubility. 

Our studies compared two limiting scattering mechanisms: impulsive scattering (IS) and

thermal desorption (TD).28, 29 Impulsive scattering is characterized by an elastic or nearly elastic

collision with the surface resulting in a scattered molecule that maintains much of the character

of the incident molecular beam. Conversely, thermal desorption is characterized by a scattered

particle being trapped at the liquid surface for a period of time long enough to thermalize with

the liquid and then evaporate according to a Maxwell–Boltzmann flux distribution at the liquid

temperature (Tliq).9, 15, 30, 31 
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In  our  previous  work,  we  demonstrated  that  both  the  fractional  energy  loss  and  TD

fraction, defined as TD/(TD + IS), are higher for the polyatomic molecules than they are for Ne,

and trend in a consistent manner with the free energy of solvation found in literature.29 These

results  also agreed with previous  work performed by Nathanson,  in  which these same small

molecules were scattered from squalane using a wetted wheel, although his study was confined to

a single deflection angle.32

In this work, we further probe the evaporation and scattering of small molecules from a

dodecane flat  liquid  jet  by investigating  deuterated ammonia (ND3).  ND3 scattering naturally

follows from our previous work28, 29 as it has a mass of 20 amu and has previously been scattered

from squalane by Nathanson.32 This enables further comparison of trends between squalane and

dodecane surfaces. ND3 has very similar physical properties to D2O as shown in Table 1, apart

from its polarizability which is about half that of D2O.32-34 Another interesting property of ND3 is

that it has the lowest energy vibrational mode of all of the molecules we have studied thus far: an

umbrella inversion mode at 8.95 kJ mol−1 (748 cm−1) that could possibly be excited in a collision

with the liquid surface. 32, 35-38 

Table 1. Selected physical properties of ND3 and D2O.29, 32-34, 39

Physical Properties ND3
a D2O

Radius (Å) ~1.8 ~1.4
     
Polarizability (Å3) 1.3 2.2
     
Dipole Moment (D) 1.4 1.8
     
Solubility in Hexadecane

KH (xsoln/Pvap)b

2.97 × 10−2 2.17 × 10−2

   
aValues reported for NH3.
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bValues reported at a partial pressure P = 1 atm and a temperature T = 298.15 K.

Experimental Methods

The crossed molecular beam apparatus used for all experiments carried out in this work

has  been  previously  described  in  detail.28,  29,  40,  41 The  instrument  comprises  three  regions

evacuated  by  turbomolecular  pumps.  The  source  region  houses  a  piezoelectric  pulsed  valve

(MassSpecpecD BV, Enschede) that generates the molecular beam.42,  43 The collision chamber

contains  the  flat  liquid  jet  and  is  where  gas–liquid  interactions  take  place  during  scattering

experiments. Also present within the collision chamber is a cryogenically cooled copper wall that

assists in evacuating this region through cryo-condensation.28,  29 Finally, the rotatable detector

region lies within the collision chamber and houses an electron impact ionizer, a quadrupole mass

filter, and an ion detection assembly.28, 29, 40, 41 A schematic diagram of the scattering experimental

configuration is shown in Fig. 1. 

The ND3 supersonic beam is prepared by seeding 1.5 % ND3 (Sigma–Aldrich 99 % D) in

helium. Stagnation conditions through the 500 µm diameter orifice of the valve are 288 K and

3000 Torr with an opening time of 12 µs. This results in a temporal width of 27 µs measured at

the  detector.  The  velocity  of  the  molecular  beam  is  characterized  by  time-of-flight  (TOF)

measurements with a rotating chopper wheel as described previously.28, 29 The velocity of the ND3

molecular  beam was  measured  to  be  1718  ± 192 m s−1 (FWHM) corresponding to  a  mean

translational kinetic energy of 28.8 kJ mol−1. 

The  dodecane  flat  liquid  jet  is  produced  by  flowing  liquid  dodecane  (n-C12H26,  TCI

America #D0968) through a commercially available microfluidic chip (Micronit BV, Enschede)27

as described in our previous work.28, 29 Operating conditions include a flow rate of 3.5 mL min−1
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and corresponding flow velocity of 10 m s−1, resulting in average dimensions of the flat jet of

1.0 × 4.5 mm2 (W × H). The thickness of the jet is not directly measured but is estimated to be

~1.5 µm at its center.28, 29 Prior to arriving at the microfluidic chip, the liquid is precooled with an

in-line counter-current heat exchanger set to 266 K. The average temperature of the liquid in both

evaporation and scattering experiments was measured to be 269 K through TOF characterization

of molecules evaporating from the jet.

The 3 × 3 mm2 detector aperture used throughout leads to a viewing time of ~0.5 ms for

species detected during all experiments. TOF measurements are taken with the ionizer set to an

electron kinetic energy of 80 eV. Each measurement is taken with an acquisition time between 2

and 8 minutes. Time zero for the evaporation experiments is determined by the rotating chopper

wheel.28,  29 In  scattering  experiments,  the  short  open-time  of  our  pulsed  valve  enables  TOF

measurements without the chopper wheel; here, time zero is defined when the most intense part

of the pulsed molecular beam collides with the flat liquid jet.

Evaporation experiments are performed by dissolving ND3 in the dodecane reservoir. The

dodecane  reservoir  is  initially  vacuum  degassed  for  several  minutes  and  then  slowly  over-

pressurized to 850 Torr with the 1.5 % ND3/He mixture. This process is repeated five times. In

evaporation  experiments,  the  molecular  beam  is  not  present.  Scattering  experiments  are

performed by vacuum degassing the dodecane reservoir as described for evaporation, but over-

pressurized with pure helium instead of ND3/He. 

As shown in the inset of Fig. 1, the incident angle θi is defined as the angle between the

molecular beam axis and the liquid surface normal, which is set by rotation of the flat liquid jet

assembly. In this work, incident angles of 45, 60, and 80° are chosen. The scattering angle θf is
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defined as the angle between the liquid surface normal the detector axis. The deflection angle χ is

defined as χ = 180° − (θi + θf). In order to prevent systematic errors, TOF measurements are taken

in a back-and-forth manner as described previously.29

Results and Discussion

Evaporation

Evaporation experiments are used to isolate the TD channel of the scattering experiments

and  ensure  conditions  are  appropriate  for  nascent  scattering,  in  which  the  scattered  signal

represents gas–liquid rather than gas–vapor collisions. TOF spectra of ND3 evaporating from the

doped dodecane flat jet are shown in Fig. 2 at detector angles θf of 0, 30, 60, and 90°. Evaporation

samples gas molecules that are thermalized within the liquid, resulting in a particle flux described

by a Maxwell–Boltzmann (MB) flux distribution.

f MB (v )∝ v3 exp( −m v2

2 R T liq )
(1)

Here,  v and  m represent  the  velocity  and  mass  of  the  evaporating  particles,  while  R is  the

universal  gas  constant.  TOF profiles  for  the  evaporation  of  ND3 from a  dodecane flat  jet  at

detector angles θf = 0, 30, 60, and 90° are fitted using a linear combination of MB distributions

and shown in Fig. 2. The fitting procedure used in Fig. 2 has been described in our prior work.28, 29

The blue and light blue traces in Fig. 2 show contributions to the TOF spectra that are described

by an MB distribution at the liquid temperature Tliq and background temperature Tbkg, respectively,

and the green traces show the sum of these two distributions. The background contribution arises
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due to desorption of ND3 from the Cu cryo-cooled wall in the collision chamber that has been

experimentally measured to have a temperature of ~118 K in this study. 

The TOF spectra for θf = 0° is well-fitted by the Tliq MB distribution alone, while spectra

at detector angles further away from the surface normal tend to display more “sub-Maxwellian”

behavior and have a larger contribution from the Tbkg distribution. This trend is explained by the

relative flux of evaporated particles from the jet following a cosθf distribution well-described in

the literature.44, 45 

Integrating the TOF spectra and plotting the intensity as a function of detector angle  θf

results  in  the  angular  plot  shown  in  Fig.  3.  The  angular  plot  in  Fig.  3  shows  the  Tliq MB

distributions in blue circles, the Tbkg MB distributions in cyan triangles, and the cosθf distribution

with a dashed curve. The Tliq distribution is captured by the expected cosθf distribution from the

cosine  law  of  evaporation.  Maxwellian  behavior  of  the  TOF  spectra  as  well  as  the  Tliq

distributions fitting the expected cosθf distribution suggest  that ND3 evaporation from the jet

takes place without significant interference from vapor-phase collisions, indicating that scattering

experiments should result in nascent scattering from the surface of the flat liquid jet.28, 29

Scattering

TOF spectra of ND3 scattering from a dodecane flat jet at incident angles θi of 45, 60, and

80° and various detector angles are shown in Fig. 4. While evaporation can be fully described by

TD, scattering  is  more  complicated;  however,  this  process  can  be simplified significantly  by

confining the description of scattering to  two mechanisms,  TD and IS.  Unlike TD, which is
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described by a MB distribution, IS is better described by a supersonic (SS) distribution due to the

scattered particles retaining more character of the incident supersonic molecular beam:9, 31, 46, 47

f SS (v )∝ v3 exp(−m (v−vSS )
2

2 R T SS )
(2)

Here, v represents the velocity of the particle, R is the universal gas constant, and vSS and T SS are

the average flow velocity and average temperature of the molecular beam, respectively. These

latter two parameters define an offset and width in velocity space compared to a canonical MB

distribution.

As in our previous work, the TOF spectra in Fig. 4 are fitted with the MB distribution

corresponding to the liquid temperature shown in blue, the SS distribution shown in red, and the

sum of the two distributions shown in green. The blue trace corresponding to the MB distribution

is representative of the fraction of the overall scattering events that result in TD, while the red

trace corresponding to the SS distribution is representative of the overall scattering events that

result in IS. Note that the viewing angle of the detector is estimated to be θf ± 0.6°, resulting in

measurable scattering even at θf = 90° where no scattering is expected. A clear trend that persists

in the data from Fig. 4 is that larger values of θf result in smaller TD fractions. This trend, also

seen in our previous work, arises because at these angles the cosine law dictates that the TD flux

will be small.48, 49 The trend for θi is similar, in that as θi increases, the scattering angle becomes

more grazing in nature, also leading to smaller TD fractions. This can be seen by comparing the

three spectra at the largest scattering angles.

The TOF spectra from Fig. 4 were integrated to produce the angular plots shown in Fig. 5.

The MB distributions corresponding to the TD mechanism are plotted on Fig. 5 as blue squares,
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the SS distributions corresponding to the IS mechanism are plotted as red circles, and the cosine

distribution is once again plotted as a dashed curve whose amplitude matches the values of the

blue squares. Each angular plot shows the specular angle as a large black arrow for reference.

Overall,  the  MB  distributions  tend  to  follow  a  cosθf trend  as  expected  from  TD.  The  SS

distributions  tend  to  peak  in  intensity  near  the  specular  angle  for  all  three  incident  angles

measured as expected of IS. However, the actual peak intensities for the θi = 45 and 60° angular

plots occur at angles slightly larger than the specular angle.  This “super-specular” scattering is

well-known to occur in gas–solid scattering.50,  51 This effect was also observed in our previous

work on Ne, CD4, and D2O and has been attributed to anisotropic momentum loss being favored

parallel to the surface normal.29 

Kinematic Models

The scattering IS channel is fitted to a “soft-sphere” kinematic model. This model is well-

described in the literature and allows for estimating the fractional energy loss of impulsively

scattered molecules according to the equation below.8, 52-54

(
∆ E
E i )≈

2 μ
(1+μ )

2 ¿

¿

Here, ΔE represents the change in translational energy of the scattered molecule and  Ei is the

incident translational energy of the scattered molecule.  The mass ratio between the scattered

molecule and the effective surface mass is represented by  µ =  mgas/meff. The deflection angle is

represented by  χ as described earlier.  Eint is the total internal energy of both the scattered gas

molecule and the liquid surface, Tliq is the temperature of the liquid surface, and V represents the
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gas–surface potential, calculated to be 2.8 kJ mol−1 using combining rules on the Lennard-Jones

parameters listed by Mourits and Rummens for NH3 and dodecane.55, 56

Fractional energy loss as a function of deflection angle is plotted for ND3 scattering in

Fig. 6. ND3 scattering on dodecane is relatively well-fitted by the soft-sphere model across the

entire data set. Fractional energy loss increases with deflection angle for all incident angles. 28, 29, 53

Similarly, the fractional energy loss is independent of incident angle for a given deflection angle.

The effective surface mass is 55 amu which corresponds to only part of a dodecane molecule

contributing to each ND3 collision. The total internal energy of the impulsively scattered ND3 and

surface was determined to be 5.08 kJ mol−1 using the soft-sphere fitting model. 

By assuming that internal energy loss only occurs along the normal component of the

incident velocity of the scattered species, Eint is used to calculate an estimation of the super-

specular  scattering  angles.  This  analysis  results  in  a  deviation  away from specular  scattering

corresponding to an increase of ~10° for each θi of ND3 scattered on a dodecane surface. This

value matches well with the  θi = 60° plot from Fig. 5, where the angle of maximum intensity

appears to be approximately 70°, but it does not agree well with the data for incident angles of 45

and 80°. This discrepancy is explained in our previous work, where it is mentioned that low

signal to noise at  θi = 45° and contamination from non-scattered species entering the detector

directly  from  our  molecular  beam  at  θi =  80°  provide  the  most  likely  explanation  for  this

difference.29

Fractional energy losses for the scattering of Ne, CD4, D2O, and ND3 from dodecane as

well as Ne, CH4, D2O, and NH3 scattered from squalane at χ = 90° by Nathanson are shown in
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Table 2.32 The average translational energies of each species range from 23.7 to 33.4 kJ mol−1 and

are all measured at a deflection angle of 90°. The ordering of the fractional energy loss for each

scatterer is Ne < CD4 < ND3 < D2O on both squalane and dodecane. 

The frequency of the umbrella inversion vibrational mode of ND3 is significantly lower

than the vibrational modes of the other scattered molecules previously scattered on dodecane.

However, the presence of this low-frequency mode does not appear to enhance the fractional

translational energy loss of ND3 relative to the other species, so it is reasonable to assume that the

internal energy of the scattered ND3 is primarily taken up by rotation.

Table 2. TD fractions and fractional energy losses for scattered molecules on a dodecane flat
liquid jet and a squalane wetted wheel. Ei = 23.7, 29.3, 33.4, and 28.8 kJ mol−1 and V = 0.9, 1.9,
3.6, and 2.8 kJ mol−1 for Ne, CD4, D2O, and ND3, respectively. All values are taken at  χ = 90°.
Values for Ne, CD4, and D2O scattering from dodecane are reported from our previous work and
averaged  for  all  three  incident  angles.29 Values  for  squalane  scattering  are  taken  from work
performed by Nathanson32 and interpolated to yield values at the appropriate beam energy for
each species.

  Fractional Energy Loss TD Fraction
Scattered Species Dodecane Squalanea Dodecane Squalanea

Ne (Fast) 0.46 0.42 0.29 0.32

CD4 0.61 0.49 0.40 0.49

D2O 0.64 0.56 0.48 0.57

ND3 0.62 0.52 0.49 0.59
aValues for CD4 and ND3 are reported for CH4 and NH3.

TD Fractions

The TD fraction is defined as the fraction of overall scattering events attributed to thermal

desorption. TD fractions are shown in Table 2 and follow a similar trend to the data obtained by

Nathanson for squalane, where the TD fraction of Ne is significantly smaller than that of the
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other scattered species.32 The overall trend of TD fractions is Ne < CD4 < D2O < ND3 on both

dodecane and squalane. Ne has a significantly smaller TD fraction than the molecular scatterers,

while CD4, D2O, and ND3 all have similar TD fractions. The increasing trend of the molecular

scatterer TD fraction follows and has been attributed to the solubility of these molecules and the

free energy of solvation ∆ Gsolv
°

=−RT ln K H in previous work.29, 32 As seen before, the solubility

of the scattered species in dodecane correlates with the TD fraction. Comparing the TD fraction

of species scattered on dodecane to Nathanson’s work on squalane shows that for all  species

besides Ne there is a  ~20 % increase in TD fraction on squalane compared to dodecane; this

trend is attributed to squalane being a softer surface than dodecane as mentioned in our previous

work.29 

Conclusions

The  evaporation  and  scattering  of  ND3 from  a  dodecane  flat  liquid  jet  have  been

investigated and compared to previous work for Ne, CD4, and D2O scattered from a dodecane flat

liquid jet, as well as analogous species scattered from squalane on a wetted wheel. Evaporation

experiments were performed to quantify the role that vapor phase interference would pose while

scattering ND3 from a dodecane flat jet. TOF measurements of ND3 evaporation were fit to a sum

of two MB distributions comprising a fast contribution from evaporation and a slow contribution

from an  isotropic  background  signal.  Good  agreement  between  the  fitted  data  and expected

distributions  from  an  evaporation  process  suggests  that  vapor  phase  interference  does  not

contribute significantly to the measured evaporation signal.
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Scattering  experiments  were  conducted  and  followed  similar  trends  seen  in  both  our

previous experiments and work by Nathanson on squalane. The angular plots for ND3 scattering

show that the TD channel for all incident angles obey the cosθf law well, and the IS channel peaks

at an angle equivalent to or slightly greater than the specular scattering angle for all three incident

angles as expected from previous liquid surface scattering experiments. The TD fractions of the

scattered species show that Ne has similar TD fractions on both dodecane and squalane, while

CD4, D2O, and ND3 have significantly higher TD fractions compared to Ne. The TD fractions of

CD4,  D2O, and ND3 on squalane are  ~20 % higher  than the analogous scattered species on

dodecane, indicating that squalane is a softer surface than dodecane and therefore is more likely

to trap scattered species.

The fractional  energy losses for ND3 were fitted by a soft-sphere model  for  all  three

incident  angles.  When  comparing  the  fractional  energy  losses  of  all  scattered  species,  the

fractional energy loss on dodecane and squalane follow the trend of Ne < CD4 < ND3 < D2O. The

fractional energy loss of 0.62 for ND3 on dodecane follows the trend of the other polyatomic

species and is ~10 % greater than the analogous species scattered from squalane.

This work concludes our investigation of small molecule scattering from a dodecane flat

jet, and in conjunction with our previous work serves as a proof of concept of elucidating small

molecule scattering dynamics from a volatile flat liquid jet. Future directions of this work aim to

investigate both non-reactive and reactive scattering from more volatile systems such as water.
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