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Matrix-Isolation in Cryogenic Water-Ices: Facile Generation, Storage, and Optical
Spectroscopy of Aromatic Radical Cation8

Introduction

Matrix-isolation, a short form for isolation and stabilization
of charged and neutral atoms and molecules in low-temperature
solids, is a technique that has been extensively t%sidce its
introduction by Pimentel and co-workéiia the early nineteen-
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Radical cations of naphthalene and 4-methylpyrene have been generated for the first time in high conversion
efficiencies in cryogenic water-ices at 15 K through vacuum ultraviolet photolysis. With these radical cations
as probes it is shown that cryogenic water-ices at temperatures below 50 K are of good optical quality and
inert matrices to isolate and study the electronic spectroscopic properties of neutral and ionic species in the
wavelength region 250900 nm. The spectral energies of guest-species in the cryogenic water-ices are closely
comparable with those observed using rare-gas matrices, indicating similargiest interactions in rare-

gas matrices and water-ices below 50 K. The radical cations are converted to the corresponding alcohols at
temperatures higher than 50 K due to reactions between the host and ionized guest species. Thus, cryogenic
water-ices are inert matrices that resemble and complement the rare-gas matrices in many aspects. Efficient
ionization of organic molecules, such as PAHs studied here, in water-rich ices indicates that ionization-
mediated processes play an important role in the evolution of cosmic ices that are exposed to ionizing radiation.

Systemt6-18 in such places as planets, moons, satellites, and
comets; especially the continued finding of water-ices on Mars
has attracted considerable attention in recent years. Recent
laboratory studies show that photolysis of these water-rich
cosmic ice analogues containing gbH, NHz;, CO, and CQ

fifties. In the earlier days, rare-gas solids were thought to be With vacuum ultraviolet (VUV) light and subsequent warm-up
ideal materials for matrix-isolation due to their very inert nature '€ads to the forrrzl?tmn of biologically important molecules such
to undergo chemical reactions or interactions with the guest 8 amino acid$2*and fatty acids that form vesiclé$Water-

species at cryogenic temperatufelowever, recent studies

rich ices, thus, could have played an important role in the

show that the rare-gas (Rg) matrices are no longer inert_gasprebiotic processes toward the origins of life on Earth and

. . . . h 3
matrices and that several reactions/interactions with the guest-€/Sewheré? On the other hand, there has been a tremendous
species result in the formation of ground-state Rg molecules advancement in the spectroscopic studies of these astronomical

with covalent or ionic bond%® Thus, there is a partial reversal

icy objects using ground-based and satellite-mounted telescopes,

of role played by the Rg matrices during the past few decades Which has led to the accumulation of a large body of information

from inert to sometimes reactiv®ther relatively inert low-
temperature solids such as,HN,,® CH,° and SK!° have also
been often used for matrix-isolation studfesnong whicrpara-

in recent years. To understand the physics and chemistry of
these icy bodies, it is extremely important to undertake
laboratory experiments that simulate the astrophysical conditions

hydrogeA®12 has gained considerable interest in recent times &S Clz?és'y as possible, such as photon and ion bombardment of
due to its unique properties as a quantum solid. On the othericeS?***In Earth's atmosphere, ices in the form of aero¥ols

hand, oxygen-containing low-temperature solids such 28 O

and polar ice¥ also play an important role. The transport of

and CQ* are less known as matrix materials due to their high @nthropogenic pollutants through aerosols to the polar ices and

propensity toward reactions/interactions with the guest species Subsequent chemistry of these ices imbedded with the foreign
Similarly, one does not often find in the literature explicit SPECies is also an important aspect of Earth’s environmental
mention of water-ices as potential matrices. Possibly, low- ¢hanges® Thus, there exists an urgent need to understand the
temperature bD-ice is also assumed to be a reactive medium fundamental processes, mechanisms of reactions that are trig-

for the isolation and stabilization of reactive intermediates and/ 9€red by photons, ions, and electrons at various temperatures
or stable molecules. It will be shown in this article that the role- I the water-rich ices. Hence, spectroscopy and photochemistry
reversal for the Rg matricesnert to reactive-also applies to  ©f Water-ices containing various impurities at various temper-
the water matrices, namelyeactive to inertmaking water- ~ &tures and pressures is an emerging aspect of physics and
ices potential medium for matrix-isolation studies. chemistry of ices. In this contextatrix-isolationusing HO-

Cryogenic water-rich ices, as well as the CO anc,@®s, ices is an apt technique whose applications range from
are ubiquitous in the interstellar medi#frand in our Solar astrophysics to atmospheric sciences as mentioned above. A
detailed discussion of the astrophysical implications of molecular

* E-mail: gudipati@glue.umd.edu. _ o ions in water-rich ices can be found in our recent publicatfon.
T Also associated with Institut fuPhysikalische Chemie, Universitau . .
Kélin, Germany. Past studies on low-temperature water-ices (from here on

§ Dedicated to Professor Josef Michl on the occasion of his 65th birthday. ice§ are mostly focused on the infrared spectrosc8py?
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However, in the IR spectral region, due to strong absorption Mimor s Optical Path for Absorption Measurements 4. Mirror
by ice itself around 36004 & v3), 1600 ), 700 () and / \
400 (1) cm134the transparent windows are restricted, leaving
access to only certain types of species to be studied in water-

300D Vacuum Chamber
ND-Filter s

ices. On the other hand, in the optical region, ices are transpareni  Apaturc Bdieation < cnses

above 160 nn¥® Outstanding work has been published by | 4 Prism

Quickenden and collaborators/co-workers on the optical spec- T . - -

troscopy of irradiated and ion-bombarded pure water-ices at low- Excitation Filter Water Filter
,36-40 i i i

temperature® As will be shown here, cryogenic ices are | . . c— Rowmuiblelee: Optical Path for

excellent and diverse matrix-material to undertake Spectroscopic g;jer Deposition Window Emission Measurements
studies in the UVvisible (VIS)—near-infrared (NIR) regions
ranging between 250 and 900 nm and some parts of the mid-
infrared region. Cryogenic ices, when used in conjunction with
the rare-gas matrices, can lead to more detailed information
about the guest-species due to the large dipole moment of watel
molecules, inducing changes in the spectral properties of certain [faas
species that can interact with water molecules involving
hydrogen bonding or dipotedipole interactions at a local Figure 1 Experimental setup qse_d to measure single-beam eIectrpnic
structural level, compared to the apolar species. One can expecf2Sorption and electronic emission spectra of cryogenic water-ices
- . - containing PAH and PAH species. By placing the prism next to the
spectral shifts proportional to the dipole moment of the solute \ater filter of the Xe-lamp into the beam, the absorption spectra could
molecules in ice matrices, whereas such an effect would be pe measured. For fluorescence spectroscopy, this prism was removed.
minimal in Rg matrices. Electronic spectroscopy of polycyclic
aromatic hydrocarbons (PAHSs) and their radical cations in ;,m thick ice films ove 4 h of deposition at 15 K, assuming all
cryogenic ices will be presented and discussed here. Furtherthe water gets deposited on the window. Ice matrices obtained
advantages of using cryogenic water-ices in conjunction with in this way were optically clear. The second problem encoun-

the rare-gas matrices will be discussed. tered during the present studies was the long-term changes in
' . the scattering properties of the ices caused by photolysis of not
Experimental Section only the imbedded PAH molecules, but also thgoHhost by

the VUV-photons of the hydrogen lamp. For this reason, single-
beam transmission spectra measured were stored in the computer
at each event of photolysis or warm-up at small time intervals.
Absorption spectra were computed by taking the immediately
previous event single-beam spectrum as the background/
reference. Absorption spectra obtained in this way were then
baseline-corrected over a large spectral range and added
together. This procedure is sensitive enough to record absor-
bances of the order 18 on short time scales, as seen in Figure
4. A detailed description of this optical setup is also provided
elsewherd?

The emission spectra were measured by focusing the light
from the same Xe arc-lamp onto the entrance slit of a 0.2 m

quality of the ices was excellent. After deposition, absorption excitation monochromator (Photon Technology International),

and emission spectra of the ice were measured. The sample wag"ith. W.hiCh the ex.cita.tion Wave]ength CO.U|d be selected. Tp
then VUV-irradiated using a microwave-powered, flowing avoid light contamination from higher grating-orders, appropri-
hydrogen-discharge lamp which produces radiation atil].?l 6 ate filters were used at the exit slit of the excitation monochro-

nm) and a roughly 20-nm wide molecular transition centered maFor_ before the light was focused onto _the m_atr_|ces. The
at 160 nm. emission from PAH/HO ices induced by this excitation was

then collimated and focused onto the entrance slits of the same
0.25 m monochromator used for absorption measurements, and
the emission spectra were recorded with the CCD camera, as
described above (Figure 1). Though, in principle, both absorption
and fluorescence (emission) spectra could have been measured
from the sample at any given point of time by changing the

Naphthalene (NAP) and 4-methylpyrene (4MP) were pur-
chased from Aldrich (99.99% purity) and were used without
further purification. Water was purified by three freezgimp—
thaw cycles under vacuum before vacuum transfer into a glass
bulb prior to deposition. HD/PAH ices were prepared in a high-
vacuum, cryogenic sample chamber by co-deposition onto a
MgF, window at 15 K. For the preparation of the;G/NAP
matrices (dilution> 200:1), premixed water and NAP gas was
deposited under vacuum directly onto the 15 K MgEbstrate.

For the HO/4AMP matrices, water vapor was passed over 4MP
at room-temperature. resulting in a dilution of®14MP (~500:
1)#! Samples were typically deposited at a flow rate of 0.02
mmol/h for 2 to 4 h. At this slow deposition rate, the optical

All the experiments were carried out at the NASA Ames
Astrochemistry Laboratory. Optical spectra of PAHOHices
were recorded at different doses of VUV radiation. The optical
setup is shown in Figure 1. For absorption studies, light from
a 150 W Xe arc-lamp (Osram/Oriel) was diverted through a
prism, collimated through a lens and finally passed through a positions of the prism shown in Figure 1, due to the fact that

3.0 OD neutral density filter, and an aperture, onto the matrices.the experiments have been carried out o derive quantitative
The transmitted light was then collimated and focused on the . P q

entrance slits of a 0.25 m monochromator (Oriel MS 257) information from V\_/eak at_)sorption features, fr_eshly prepare_d i_ces
; . : were used exclusively either for the absorption or for emission

equipped with a CCD camera (Oriel-InstaspeclV) to record the studies

single-beam spectra. '

Initial experimental trials showed that the optical quality of
the ices was very sensitive to the rate of deposition, VUV
irradiation, and thermal history. Unlike rare gases, water leads Figures 2-5 summarize the experiments on NARCH
to the formation of highly scattering films (matrices) unless care matrices. Fluorescence of NAP in the ice matrix closely
is taken to deposit matrices slowly. Under the present conditions, resembles the low-resolution spectrum of NAP in the Ar matrix
approximately 0.02 mmol 1 deposition rate resulted 10 reported by Najbar and Tur&k(Figure 2), surprisingly with

Results
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. . . Figure 4. A comparison of the absorption spectra of N'AiR ice and
Figure 2. Fluorescence spectrum of naphthalene (NAP) isolated in i, "ar matrices In addition to the broad-nature of the absorption of
water-ices at 15 K when excited at 270 nm._AIso given in the flgu_re IS the NAP" in H,0, the bands are shifted by 255 chf13 nm) compared
the spectrum of naphthalene fluorescence in Ar matrix reported in ref 1, the spectra in Ar matrix. Spectra in ice matrices were measured after
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43. Worth noting is the negligible spectral shifts30 cnT?). 2,5, 13, and 28 min of VUV-photolysis.
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Figure 3. Fluorescence spectra of naphthalene y@hte at 15 K as W/W
a function of photoionization with VUV-light (hydrogen flow-discharge -/\//\”\/\/\m
' NAP Flu. X 0.02

lamp). Excitation wavelength is at 270 nm. In the insert, a biexponential

decay of naphthalene fluorescence is shown. -/:\/\%
310 320 330 340 350 360 370
almost no spectral shift, namely at 20 tVUV-photolysis wavelength (nm)
.Of N.AP was monitored by its quor.esl(.:ence spectrum, as shqwn Figure 5. Fluorescence from 1-naphthol formed during the warm-up
in Figure 3. Nearly 85% of the initial NAP fluorescence is ot NAP*/H,0 ices. Due to the excited-state proton transfer (ESPT)
depleted during the 150-min irradiation. Integrated fluorescence petween 1-naphthol and.B at higher than 65 K, fluorescence is
intensity of NAP is plotted against time, shown as an insert in detected only at lower temperatures, in accordance with other observa-
Figure 3. A biexponential decay gave the best fit to the tions on naphthols in icé8.A proton order-disorder phase transition
experimentally observed data, indicating two major NAP (Ih-XI) occurs in crystalline iqes at 72 K. Observa?ior! of 1-naphthol
photodepletion channels that are independent of each other, or"I)Iuorescen_ce only after warming the ices to 125 K indicates that there

. . ) fs a reaction-barrier between NARand the VUV-photolyzed kO
being very fast (half-life 33 s) compared to the other (half—llfe surrounding in order to form 1-naphthol.
~1000 s). The fast depletion channel was not observed in the
case of 4MP/HO photolysis experiments, where the photo- (naphthalene radical cation), whose absorption maximum is red-
depletion was close to single exponential (vide infra). Concen- shifted in HO by ~260 cnt?! from the maximum measured at
tration-dependent photolysis experiments need to be carried out673 nm in the Ar matri¥* The unusually broad nature of the
to resolve the nature of the fast component of the NARYH  absorption can either be due to the shortening of the excited-
photolysis. We note that the only difference between NARYH  state lifetime or due to inhomogeneous broadening or both.
and 4MP/HO matrices is the concentration of the solute being Further experiments are underway to get concentration-depend-
~0.5% (NAP) and~0.2% (4MP). However, it is likely that  ent absorption spectra of NAP
due to high vapor pressure of NAP, formation of dimers could  During the fluorescence measurements on NAB/khatrices,
be significant and the fast channel mentioned above representsafter VUV-photolysis of over 85%, ice matrices were warmed
that photolysis of dimers. Absorption spectra measured afterin order to monitor the changes in the spectra (the product
successive VUV-photolysis steps are shown in Figure 4. The formation from the NAP). To rule out the role of artifacts due
broad absorption centered around 685 nm is due to the™NAP to physical changes in the ices at higher temperatures, after
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Figure 6. (a) Depletion of 4-methylpyrene (4MP) absorption340
nm) and increase in the 4MPabsorption £450 nm) upon VUV-
photolysis of 4AMP/HO ice at 15 K using a hydrogen flow-discharge : ) ; ¢
lamp. (b) Contrary to the-15% photoionization of PAH molecules in &€ plotted against photolysis timBottom Normalized integrated
rare-gas matriced,in water-ices close to quantitative (70% of 4Mp) absorbance of 4MP plotted against 4M&s a function of photolysis
photolysis of the neutral species to the corresponding radical cations S€duence. A linear fit from 0 to 2000 s (dashed line) yields the slope
is achieved. The spectrum of 4Mn H.O is shifted by—255 cn? of (_).715, which relates th_e oscnlat_qr strengths of the neutral with the
(toward longer wavelength) compared to the spectrum measured in Ar cation for the corresponding transitions.
matrix.”*

Figure 7. Kinetics of VUV irradiation of the HO/4AMP (>500:1) ice
at 15 K. Solid and open circles are experimental data, whereas the solid
and dashed lines are from numerical fits (see text). Absorption bands
were integrated and normalized to the integrated absorbance of 4MP
before photolysisTop The fractions of 4MP lost and 4MPproduced

0005 T T T T T T T T
50 K- 20 K
keeping the ices at each temperature for about 20 min and O,OOO_WV\NM
measuring the fluorescence spectra, matrices were cooled to 15 75K-20K
K and fluorescence was measured again. Figure 5 summarizes  -0.005 100K-20K 7

these results, and in addition shows that no significant changes
in the intensity of the neutral NAP fluorescence, and hence no
geminate recombination of NAPwith electron (marked by
dashed vertical lines), reveal new fluorescence bands (marked
by asterisks) that are from the oxidation product 1-naphthol,
due to the reaction of NAPwith VUV-photolyzed HO species

-0.0104 125K-20K

-0.015 4 150 K-20K o

Absorbance

in its surroundings. The fluorescence spectrum of 1-naphthol -0.025 + T 1
in ice matrices is red-shifted by 345 cffrom the spectrum t:MP /lH th> b":f
obtained in supersonic j&t.Due to excited-state proton transfer -0.030+ e | 1
(ESPT) between 1-naphthol and the hogOHat temperatures -0.035

>65 K, fluorescence of 1-naphthol is completely suppressed at T7380 400 420 440 460 480 500 520 540
higher temperatures. This is the reason the fluorescence marked
by asterisks is not observed at 125 K, at which temperature
1-naphthol is produced from NAR but only after cooling to  here were obtained by taking the single-beam spectrum after the VUV-
15 K. A phase transition, known as-#XI proton ordering photolysis as the reference. Hence, the negative absorbances indicate
transition, occur® at 72 K that suppresses ESPT between the depletion of 4MP. Losses of the radical cations below 50 K are
host and guest molecules at lower temperatures, leading tonegligible. Between 50 and 150 K there is a steady depletion of the
normal fluorescence from the guest molecules, in this case absorption due to the radical cation, amounting to complete depletion
1-naphthol. at150 K.

Figures 6 to 8 show the similar experimental results with ) o
4MP/H,0 ice matrices. Due to the fact that both neutral and 8- The temperature-dependent semiquantitative plots of the
radical cation have significant absorption cross-sections (oscil- disappearance of 4MRvhen 4MP/HO matrices were studied,
lator strengths) in the same spectral region, it was possible to@nd production of 1-naphthol when NAR®I matrices were
quantitatively compare the depletion of the neutral 4MP and Studied, are shown in Figure 9.
the generation of 4MP upon VUV-photolysis, as shown in
Figure 6. The spectroscopic information derived from experi- Discussion
ments shown in Figure 6 is used to obtain the photolysis rates
and product ratios, which are summarized in Figure 7. The Generation and Stabilization of PAH' in Ices. The most
disappearance of the radical cation 4M&pon warming the surprising result is the near-to-quantitative photoionization of
ices, by monitoring its absorption at 460 nm, is shown in Figure PAH molecules into their radical cations. In Rg matrices, only

Wavelength (nm)
Figure 8. Thermal behavior of 4MPin H,O-ices. The spectra shown
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Figure 9. Left Thermal depletion of 4MP normalized absorption
intensity between 50 and 150 K from VUV-photolyzed 4MERZH
matrices.Right Production of 1-naphthol (monitored by its fluores-
cence) from NAP in VUV-photolyzed NAP/HO matrices. By
assuming similar reactivities between 4M&hd NAP' in ice-matrices,
formation of intermediates at temperatures below 125 K, leading to
the formation of stable products above this temperature, can be inferred

about 15% of the neutral molecules are converted into radical
cations}’ (mostly due to the impurities or electron scavengers
such as CGldoped in the Rg matricéd, whereas in the ice
matrices 4MP is photolyzed by 70% and NAP by 85%. From
the experiments on 4MP it was possible to follow quantitatively
the depletion of neutral and simultaneous generation of radical
cations upon VUV-photolysis, as shown in Figure 6. These data

were then used to obtain reaction rates and product channels
summarized in Figure 7. When the integrated band intensities

(after converting wavelength to wavenumbers) of depleted 4MP
and produced 4MPwere plotted against each other, as given
in the bottom part of Figure 7, a linear fit could be drawn up to
a point of 55% depletion of 4MP. This fit has a slope of 0.715,

which number relates the oscillator strengths of the correspond-

ing electronic transitions in the neutral and cation. Oscillator
strength of thdong-axispolarized transition Bg, < 1'Aq at
322 nm in neutral pyrene, the parent PAH of 4MP, is known
with a greater accuracy to be0.334°50 On the other hand,
there are inconsistencies in the oscillator strength ofdhg-
axis polarized transition 28, — 1°Bgg in the pyrene radical
cation®-53 By assuming that each photolyzed neutral resulted
in a radical cation, i.e., no side reactions, oscillator strength for
the 4MP" can be estimated to be 0.24, which is in excellent

agreement with the most recent time-dependent density func-

tional calculations at 0.21%.A second analysis has been carried
out as follows. From the integrated intensities of 4MP and 2MP
absorption bands shown in Figure 6, the fraction of 4MP
photolyzed and the fraction of 4MRyenerated were calculated
relative to the integrated absorption intensity of 4MP before
photolysis. The fraction of 4MPgenerated was obtained at a
given time by first normalizing with the 4MP absorption
intensity before photolysis and then dividing by the slope of

Gudipati

7a and 7b, resulted in values, also shown in Figure 7a. This
analysis clearly demonstrates that the photoionization of 4MP
to 4MP" (kp) is the dominating process, followed by the reverse
electron-ion recombinationk_,) at 60% ofk,. The other two
processes, product formation from neutral or cation, are ap-
proximately 1 order of magnitude slowelost likely, the
electron-ion recombination K-,) is barrier-less, but 40% of
the photoionization results in electron ejection from the parent
ice-cage, or electron attachment to ORTHO, or both.

The near-to-quantitative ionization of PAH to PAlh water-
ice matrices still needs explanation. From the above analysis
we can conclude that ionization is facilitated by solvating both
ions and electrons by ice matrix to prevent reverse eleetron
ion recombination to a great extent. This means that either
electrons are stabilized in ice-cages (solvated) or react with the
water host, as implied above. Such solvation/hydration of excess
electrons by water and water-ices is well established in recent
literature!®37.55We note that in Rg matrices, when no electron
acceptor is added, the conversions under similar dilutions are
less than 15%’ This again implies that the cage-exit of electrons
is an inefficient process in Rg matrices and the major process
is the electror-ion recombination. In ice matrices, water itself
acts as the electron acceptor/stabilizer, i.e., an electron-sponge.
Under the present experimental conditions, the dilutions were
of the order of 0.20.5% and charge separation in these ices is
expected to be around the same percentage. Further studies are
underway to investigate the fate of electrons in PAH-doped
water-ice matrices upon VUV-photolysis at various PAH
concentrations.

On the basis of our initial resul®, time-dependent density
functional (TDDFT) computations were carried out by Woon
and ParRé to address some of the unusual experimental
observations. Their theoretical results are in full agreement with
the experimental results presented here. These authors found
that the ionization energy of PAHs is lowered by about 1.5 to
2 eV in ices. Further, electron affinity of OH increases from
1.75 eV in the gas-phase to 5.06 eV in ices. Thus, they proposed
that the facile ionization of PAHs is due to lowering IP and
trapping of electrons by OH radicals. These authors have also
found that an ice matrix induces only minor spectral shifts in
both PAH and PAH ion spectra, in accordance with our
experimental study. Thus, the experimental results presented
here have been strongly corroborated by theoretical computa-
tions as well.

Cryogenic Ice as New Matrices.The spectroscopic data
presented in Figures 2 to 9 strongly support the case for
cryogenic water-ice to be the new matrix medium for optical
spectroscopy of neutral as well as reactive species such as radical
cations. As mentioned in the Introduction, because of absorption
due to strong vibrational transitions in,® in the mid-infrared
(200-5000 cnmt) and NIR (5006-10000 cnt?) regions, only
certain window-regionswill be available for spectroscopic
purposes— a contrast to Rg matrices, which are transparent
from far-infrared to VUV regions £50—95000 cnt?). Ice
matrices are completely transparent in the -NWs—NIR

0.715 mentioned above (Figure 7a). These values are plottedspectral region (1006640000 cn?). Surprisingly, the matrix-

against the time of photolysis in Figure 7b as filled and open
circles for 4MP and 4MP, respectively. Assuming the reaction

shifts between ice and Ar matrices are nominal, of the order of
20—250 cnt! for electronic transitions in the UWVis region.

scheme shown as an insert in Figure 7b, all the data points wereA more detailed discussion follows. Another contrast between

simultaneously fit using four independent rate constants
namely,k, the rate of ionizationk—», the reverse ion electron
recombination rate;, rate of formation of other products form
the neutral; ands, rate of formation of other products from
the cation. The best fit, shown as solid line curves in both Figure

ice matrices and rare-gas matrices is the temperature range.
Whereas Rg matrices are held through van der Waals forces
and hence sublime at much lower temperatdrieg, matrices

are held together through much stronger hydrogen bonding and
are stable up to 150 K. These unique properties of ice matrices
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could be explored to undertake optical spectroscopy of biomol- shifts in ice matrices are not abnormal compared to Rg matrices.
ecules, especially those whose low-temperature behavior need&xperimental measurements on the dielectric constant of ice

to be understood. As the biomolecules such as enzymes,matrices between 10 and 70 K need to be carried out.

proteins, and DNAs exist in a water-rich environment, it would

Thermally Induced Reactions. Unlike the Rg matrices,

be straightforward to freeze the aqueous solutions appropriately\hich are mostly face-centered cubic (FCC) crystalster-

to create ice matrices.

Matrix-Shifts. The matrix-shifts going from Ar matrices to
ice matrices are surprisingly small, almost negligiblet&0
cm™ ! for the neutral molecule NAP and arour@60 cn1? for
the radical cations NAPand 4MP. For 1-naphthol, there was

ices are more complex solids, spanning amorphous to several
crystalline phases. Briefly, when deposited at 15 K, water-ices
are amorphous and upon subsequent annealing60 K
become crystalline (I* Crystalline ice is known to be
converted to the amorphous phase upon ion or VUV-photon

no Ar-matrix spectrum available to compare. However, a jrradiationSs This crystalline Ih ice undergoes proton-order phase
comparison with supersonic-jet spectrum indicates a red-shift trgnsition (Ih-XI1) at 72 K86 As mentioned earlier, ice matrices

of 345 cmr! (5;—S,, 0—0 energy: 31400 cn in jet*> and
31055 cn1t in ice matrices from the present work). Taking a
red-shift in Ar matrices to be-138 cnt?! from the gas-phase
for NAP (S-S, the sites-averaged-® energy in cm: 32035

in He drops3’ 32018 in jet, 32075 in Ne matrix, 31880 in Ar
matrix, 31782 in Kr matrix, and 31665 in Xe matfikand from
this work at 31900 in KO), a more polar molecule such as

are stable up to around 150 K under high-vacuar@’ mbar);

at higher temperatures the water-ices start subliming, which
becomes complete by 185% VUV-irradiated amorphous ices
show reactivity already at lower temperatures, as shown in
Figure 5 for the formation of 1-naphthol from NAPOnly after
warming up to 125 K was the fluorescence from 1-naphthol
detected, indicating a barrier for the reaction between NAP

1-naphthol does not show abnormal spectral shifts comparedsng the surrounding VUV-photolyzed ;8. However, the
to PAH radical cations. These results indicate that cryogenic absorption spectra of 4MPindicate that the cation starts

ice matrices at 15 K behave just like Rg matrices even with

respect to matrix-interaction on the spectroscopic properties.

Though recent Monte Carlequantum mechanical methdds
predict the solvent-shifts in homogeneous liquids to great
accuracy, traditionally matrix-shifts (solvent-shifts) are attributed
to the dielectric constant) of the matrix medium and the dipole
moment of the solute molecule in the ground)(and excited
states g;) in a form similar to eq 1 below50.6

d |e—1

by -1y — J—— . — ..
Avj(cm ) = 22679W 2% +1 (‘Lto Uy — Uo /,{J) +
2
n“—-1
ot 1 (o — )| (1)

We may note that in eq 1 for a given solute molecule, the
parametersl, the mass density of the solutedg®); MM, the
molar mass of the solute in amug andy; are invariable. In

disappearing already at 75 K, as shown in Figure 8. It may be
noted that products that are formed from 4Me&buld not be
followed due to the lack of unique emission or absorption
features. In Figure 9, the temperature-dependent disappearance
of 4MP* from 4MP/H,O experiments and the appearance of
1-naphthol from NAP/HO experiments are plotted. Under the
assumption that the radical cations 4M@nd NAP"~ show
similar reactivity in water-ices, we find that betweef75 and

125 K, though the PAH disappears significantly (inferred from
4MP"), final products are not yet formed (inferred from
1-naphthol), indicating the formation of intermediate complexes
that do not resemble either the PAlgr the aromatic alcohol.
One such possibility for the intermediate is 1-hydro-1-naphthol,
due to the addition of a hydroxyl radical or anion at the
position of NAP". Theoretical computations on such intermedi-
ate formations have been carried out by Ricca and Bauchlicher,
Jr.87 which are in accordance with the present observations.

the present case, except for 1-naphthol, the dipole moments of AStrophysical and Atmospheric Relevance of lonization

PAHSs and their radical cations are negligibly small. On the other

in Ices. Present work on ices was motivated by its relevance to

hand, 1-naphthol should have behaved far more differently than @Strophysics and origins of life. Similarly, the ices in the form
the other molecules studied here, due to considerable dipole©f @erosols in the troposphere, the stratosphere, and polar ice

moment both in the ground and first excited singlet stat&k (
=1.7 D anduS; = 2.0 D, from semiempirical calculations using
the INDO/S method). However, such abnormal spectral shifts
were not observed for 1-naphthol either, indicating that the
dielectric constante] of cryogenic ice matrix may have a role
to play. Thee value for water at 298 K is around 90 and the (
— 1)/(2¢ + 1) term in the above equation is close to 0.5. On
the other hand, this value is close to 0.15 for Ar matriees (
1.66).52 Thus we expect a factor of 3 red-shift in ice matrices
compared to Ar matrices. This should amountd15 cnt?
red-shift ¢~3 nm) in the case of NAP fluorescence from the

caps and their chemistry also play an important role in
atmospheric processes.

Water-rich ices exist at cryogenic temperatures between 10
and 20 K in dense molecular clouds that form a part of the
life-cycle of starst>®® In our Solar System, water-ices at
temperatures ranging from 30 to 150 K contribute to the
atmospheres of planetary bodi€g” In Earth’s atmosphere,
water-ices in the form of aerosols transport pollutants and
undergo important photochemical reactiéhd’ Thus, ionization
of impurities in ices and subsequent chemistry at various
temperatures may contribute significantly toward the ice-

gas-phase values, which is not the case here. Recent theoreticalhemistry wherever the required energy is available in the form
work by Rick and Haymé&# on the static dielectric constants  of photons, electrons, or ions (cosmic rays). Laboratory experi-
of water-ices at various temperatures suggests a dramatic dropnents have shown that bombardment with either high-energy
in the dielectric constant of water-ices below 50 K due to proton photons or protons (model cosmic rays) results in similar
ordering (proton orderdisorder Ih-XI transition that is also chemistry?* indicating that the form of the energy deposited
responsible for ESPT at 70 K). At 10 K, these authors into the ices is less important than its ability to electronically
compute the static dielectric constant of water-ice dramatically excite impurities. Given this, ionization-mediated processes in
dropping 2 orders of magnitude to close to 1, with some water-rich ices need to be taken into account to understand the
uncertainty based on the method used. If indeed the dielectricphysics and chemistry of Earth’s atmospheric aerosols, icy
constant of ice matrices at 15 K is comparable with that of Rg bodies in our Solar System, including comets, as well as ices
matrices, around-12, then one can understand why the matrix- in interstellar dense molecular clouds. The past and present
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