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Abstract

We use the liquid micro-jet technique coupled with laser spectroscopy to measure the
rotational and vibrational energy content of benzene liberated from an in vacuo water-ethanol
solution. A comparison is made between the internal temperatures of benzene molecules that
spontaneously evaporate from the liquid surface and those that are laser desorbed by resonant
IR light. In both cases it was found that rotations are cooled significantly more than the lowest
vibrational modes and that the rotational energy distributions were Boltzmann. Within error,
the rotational temperatures of the vibrationally excited molecules were the same as the

vibration-less ground state in both systems.

Independent, collision-induced, gas phase energy transfer measurements reveal that benzene
undergoes fast rotational relaxation, from which we deduce that the rotational temperature
measured in the evaporation experiments (200-230 K) are an indication of the translational
energy of the evaporate. Conversely, relaxation of vg is found to be very inefficient,
suggesting that the v temperature (260-270 K) is an indication of the surface temperature of
the liquid. Modelling the relaxation of v, indicates that >10? collisions are occurring during
the transition from liquid to vacuum, an order of magnitude more than have been reported to

occur in the gas phase immediately above the liquid surface.

The temporal distribution of internal temperatures within the plume of laser desorbed
molecules reveals that the coldest molecules are found close to the front of the expansion, and
reach temperatures 60 to 100 K lower than the liquid surface temperature. Spectroscopic
analysis of the mass spectra of desorbed products revealed that clusters were formed post
benzene ionisation, in ion-dipole association reactions. The position of maximum cluster
formation within the desorption plume was found to be a compromise between the point of

maximum internal cooling and the highest translational velocities. Best estimates of the
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translational temperature of the desorption plume were achieved through 3D Monte Carlo
simulations of the gas expansion. The simulation revealed the plume can be described with a

temperature of ~200 K and travelling with a bulk velocity of ~100 m.s™.
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solvent molecules or their fragments. Ethanol molecules are abbreviated as EtOH. No
benzene dimer IS SEEN. ~==mmmmmmm s o e e 184
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Figure 5.6:  Changes in the observed TOF mass spectrum with time-lag delay. UV photon
energy is 38611 cm™. IR wavelength is 2.85 um. IR fluence is 0.9 J.cm™ IR-UV delay is 2.5
us. The time-lag delay between ionisation and ion extraction is 1.1, 0.69 and 0.39 us for
spectrum (A),(B) and (C), respectively. Each spectrum is shifted to shorter flight times as the
extraction delay time is decreased. The increase is cluster signal with time-lag delay is
evidence that the clustering process is occurring post-ionisation of the benzene. At even
longer time-lag delays, distortion of the mass peak shape occurs for all masses due to spatial
limitations of the electrode assembly (see Chapter 2).---------=-==-==mmsmmmmm oo 186

Figure 5.7  1+1 REMPI spectra of selected clusters seen in the mass spectra with an IR-
UV delay of 0.5 ps. Each cluster shows the same wavelength dependence - they all portray
the 63 vibronic spectrum of the benzene monomer. The best-fit ground state rotational
temperatures of each contour are indicated with 1 standard deviation error (1c). Within error,
all of the clusters show the same rotational temperature as the monomer.--------------------- 187

Figure 5.8:  (A) The effect of changing IR-UV delay on the monomer TOF ion signal. The
TOF peak displayed here belongs to the CgHg" ion. Each peak has been fitted to the sum of
two Gaussians. The relative intensities of each component changes with IR-UV delay times.
The identity of each component is confirmed by determining the rotational temperature of
each component. (B) 63 vibronic spectrum of the benzene monomer generated with IR-UV
delay of 1 ps. The green spectrum was generated by monitoring the intensity of the fast
component of the mass peak. The blue spectrum was generated by monitoring the slow
COMPONENE . === == m oo oo o e 190

Figure 5.9:  Monomer and cluster intensity as a function of IR-UV delay. (¢) Benzene
monomer, CsHg", (¢) two component (binary) clusters, CsHg oX, (o) three component (tertiary)
clusters, CsHg eXeY. (A) The monomer achieves maximum desorption signal at an IR-UV
delay of ~3 us, whilst the binary cluster signal is maximised at a delay of ~1 ps. Data points in
(A) are the average of the results from several mass spectra. Error bars represent 1o error. (B)
Zoom in on the overlay of monomer and cluster temporal profiles generated from a single
mass spectrum. The tertiary clusters are now included. The plot demonstrates that stable
cluster formation occurs early in the desorption plume (at short IR-UV delay). The maximum
intensity of the tertiary clusters is seen at an IR-UV delay of ~0.5 pS.----------------=--=----- 192

Figure 5.10:  Fit of two Maxwell-Boltzmann distributions to (A) the benzene monomer ion
signal and (B) the binary cluster ion signal. Plots were produced by transforming the data of
Figure 5.9(A) using Equation 5.2. The fits have been weighted by the displayed error in the
data points. Both best-fits describe a velocity distribution that has zero drift velocity
perpendicular to the jet axis (u, ). All distributions use a mass of 78 amu (benzene monomer).
In both plots the red curve is the summation of both of the underlying components. The
ionising laser energy is 38611 cm™ corresponding to the maximum in the 6} absorption band
Of the MONOMEN . === 194
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Figure 5.11: Schematic of the conditions of the 3D Monte Carlo simulation. Different
length arrows represent molecules released from the liquid surface with different initial
velocities. The volume of the ionisation region runs into the page, perpendicular to the LuJ
axis. The different width arrows represent different initial masses emerging from the LpJ —
this is used in the mass-independent velocity distribution simulations.------------------------- 200

Figure 5.12: Demonstration of the effects of the diameter of the ionisation volume on the
shape of the IR-UV delay distribution created by the 3D Monte Carlo simulations. The
translational temperature and bulk velocity used in the simulations were 200 K and 100 m.s™,
respectively. The diameter of the UV volume is 150 um (blue line), diameter of the UV
volume is 1.5 um (red line). The signal/noise is worse when the UV volume is smaller since
fewer molecules find themselves within the region at the time of ionisation. Larger ionisation
volumes distort the maximum in the distribution to shorter delay times since molecules with a
larger range of molecular velocities can reach the ionisation volume at the shorter delays. The
distribution created with 1.5 um diameter has been fitted with a function of the form of
Equation 5.4 but without the pre-exponential factor, C/t*(black line). The best fit predicted a
7of88+1mstandaT) of 19 + 1 K.roommmmmmmmmm oo 201

Figure 5.13: Simulated IR-UV delay distributions overlayed with the experimentally
observed benzene monomer ion signal (e) distribution. All the simulations in (A) have a bulk
velocity of 200 m.s™ but vary in translational temperature: (red line) 300 K, (black line) 200 K,
(green line) 100 K. (B) shows the effects of changing the drift velocity in the simulations
\1/vith a temperature of 200 K. (red line) 300 m.s™, (green line) 200 m.s™, (black line) 100 m.s"

Figure 5.14: Simulated IR-UV delay distributions of different masses included in the 3D
Monte Carlo simulation. (A) CsHg, 78 amu (black line), CsHge2H,0, 114 amu (blue line),
CeHg®4H,0, 150 amu (green line). (B) When the distributions from each mass are summed
together the resultant IR-UV delay is broader at the maximum which more closely resembles
the shape of the experimentally observed distribution maximum. Only C¢Hs (black line), CsHs
and CgHge2H,0 (red line), C¢Hs , CsHgo2H,0O and CgHge4H,O (green line). Experimental

Figure 5.15:  Rovibrational contours of benzene molecules IR desorbed from the LuJ. These
spectra were produced with an IR-UV delay time of 3.9 us. Temperature fits are displayed
with error indicating 1 standard deviation from the mean. The lower signal/noise and larger
fitting error of (C) is due to the dramatic decrease in the intensity of the band under desorption
conditions. (*) See text for a discussion of this feature.--------=-======mmmrmmmmsm oo 209

Figure 5.16: Comparison of the benzene absorption spectrum generated under different
experimental conditions. See text for details. The rotational temperatures of benzene
molecules are also quoted for each experimental environment. The IR-UV delay used to
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generate the desorption spectrum shown here was 4 ps. The intensity of all spectra has been
magnified ten-fold at energies less than 38535 M ™. —------oooooooo e 211

Figure 5.17:  Temporal evolution of the internal temperatures of neutral benzene molecules
laser desorbed from the surface of the LuJ. (A) Rotational temperatures as a function of IR—
UV delay. It is assumed that the rotational temperatures of molecules excited with vibration
vigand vz are equal. Vibrationless rotational temperatures are represented by the solid circles
(*), whilst rotational temperatures for vs, vis (and vi1) are represented by the solid squares (m)
and open circles (o), respectively. (B) Vibrational temperatures as a function of IR-UV delay.
Vibrational temperatures for ve, vig and vi; are represented by the solid squares (m), open
circles (©), and open squares (o), respectively. The error bars on all points represent 3 times
the weighted error of the mean (3c). The temperatures at 0 IR-UV delay are the temperatures
of benzene molecules that are naturally evaporating into the vacuum from the LuJ.--------------

Figure 5.18: Comparison between the rates of change of ground state rotational
temperatures (o) and the observed intensity of the benzene monomer ion signal (e) as a
function of IR-UV delay. The temperature scale has been reversed to aid in the overlay. The
data at 0 IR-UV delay are from benzene molecules that are naturally evaporating into the
vacuum from the L. —-=-=-mmmmmmmm oo oo 216
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