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Laser Desorption/lonization of Transition Metal Atoms and Oxides from Solid Argon

Lester Andrews,*" Andreas Rohrbacher, Christopher M. Laperle, and Robert E. Continetti

Department of Chemistry and Biochemistry, 0314, Jddrsity of California, San Diego, 9500 Gilman D&,
La Jolla, California 92093-0314

Receied: March 31, 2000; In Final Form: June 26, 2000

The oxides TiO, CrO, and CoO, formed by reaction of the laser-ablated metal atoms andx0ess argon

during condensation at 10 K, have been laser desorbed/ionized from solid argon with 308 nm radiation for
observation by TOF mass spectrometry. Mass peaks forQri", Co*, and particularly TiO and CrO were
enhanced by adding to the copper support a thin film of organic acid typically used as a matrix in matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry. Adding §HeBE chromophore to the

Ar/O, gas mixture also enhanced the metal and oxide ion signals. The laser desorption/ionization (LDI) process
in these cryogenic experiments with low ionization energy subject atoms and molecules is assisted by the
organic acid and bromobenzene chromophores, suggesting that charge exchange plays an important role in
this process.

1. Introduction 2. Experimental Section

Matrix isolation spectroscopy (MIS) using inert gas hosts at ~ Cryogenic matrix-isolation experiments were done with laser
cryogenic temperatures has been widely used to prepare andlesorption/ionization of transition metal ateidioxygen reac-
trap novel reactive molecular species including cations and tion products for mass spectrometric analysis. A schematic
anions for spectroscopic study’ In particular, laser ablation  diagram of the ion source is shown in Figure 1(a) and the mass
has been used to provide transition metal atoms for reactionsSPectrometer layout is given in Figure 1(b). Typically/&@ol
with small molecules to produce new molecular species for Of argon containing 10% fwas co-deposited through the spray-
spectroscopic study10 In recent years matrix-assisted laser ©On line shown in Figure 1a for a 10 min period onto the LDI
desorption/ionization (MALDI) spectroscopy using organic acid [&rget, along with laser-ablated Ti, Cr, or Co atoms similar to

hosts at room temperature has been employed to identify Iargethe infrared matrix-isolation experimer#ts'® Based on the solid

nonvolatile bio-molecules such as peptides, proteins, and angle of the source configuration, approximately 10% of _the
oligosaccharides-16 to monitor protein folding’ and H/D gas sample condensed on the 10K copper plate. For ablation a

: : : : focused (10 cm f.I.) doubled Nd:YLF (523.5 nm) laser with
exchange in prote_m’é’, and for peptide mapp_lnlg?,to name a 200uJ/pulse at 1 kHz was employed (fluerree2 J/cn¥), which
few examples. This method has been applied to frozen DNA . dtod it slightl I e

lutions at about 180 R Motivated by these results, we have . expected to deposit sligntly more metal atoms per unit time
soluti -votivated by ’ than the infrared experimenfts!® The LDI target copper plate
carried out laser desorption/ionization (LDI) experiments on

cryogenic argon matrix samples at 10 K.

Mass spectrometry studies of molecules trapped in solid inert @ target:  side view bottom view
gases are relatively sparse. Michl and co-workers have employed

LDI laser

biased

secondary ion mass spectrometry to study rare-gas solids and LDI target ..ionbeam
to observe propane fragment ions from propane in solid argon ]~ metal
at 10 K2 Laser vaporization time-of-flight (TOF) studies have ﬁcr?;‘:r ablation ablation target
1 i 22 laser
been performed on cryogenicL{e films. _ Cu plate spray-on line
New experiments performed to combine the MIS and LDI sapphire window
approaches for mass spectrometry on novel molecules synthe- YO extraction
sized in inert gas matrixes will be described. In the experiments grids MCP detector

reported here, laser-ablated transition metal atoms were reacted () uﬂ ” =100 0111 =
with O, on condensation in excess argon onto a 10 K copper DH”QMMHQ
plate, and metal atoms and oxides were subsequently desorbed/ mée?l deflector plates and
ionized by 308 nm radiation and accelerated into a time-of- Einzel lenses

flight mass spectrometer. The ion yields were markedly Figure 1. Schematic diagram of the cryogenic laser desorption/

. . . . . ionization (LDI) apparatus. (a) LDI target: the copper plate is cooled
increased by precoating the copper plate with an organic aCIdto 10 K through indium/sapphire/indium contact with a coldfinger

layer or by adding bromobenzene to the gas mixture. cooled by a CTI Cryogenics Model 22 refrigerator. The metal is ablated
by 523.5nm laser radiation (Z_Q@/pu_lse at 1 kHz, ﬂuencg 2 Jicn?) _
* Author to whom correspondence should be addressed. E-mail: (ablation laser) and co-deposited with Ag/@as. The matrix sample is

reflectron

Isa@Vvirginia.edu. desorbed/ionized by 308 nm radiation{® «J/pulse at 20 Hz,0.06
T Permanent address: University of Virginia, Department of Chemistry, 0.09 J/crd) (LDI laser), (b) TOF mass spectrometer with cryogenic
Charlottesville, VA 22904-4319. target.
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was attached to the cooled (CTI Cryogenics, Model 22, 10 K)
oxygen-free high-conductivity copper finger through indium
gasket/sapphire/indium gasket contacts, with an aluminum cover _
plate containing a counter-sunk 8 mm hole. The copper substrate £
was biased att5.0 kV during the ablation/deposition of Ti,
Cr, and Co atoms.

Time-of-flight mass spectra were recorded using focused (8
cm f.I.) XeCl excimer 308 nm radiation with-8 uJ/pulse at
20 Hz (fluencex 0.06-0.09 J/criin a 75 ns pulse), to desorb/
ionize the sample from the 10 K copper substrate biaseddl ’

kV into the apparatus shown in Figure 1b. The ions entered an w \/\/\JL\.W,
electrostatic lens system consisting of two sets of deflectors and . d
two einzel lenses. The ion beam was reflected by a commercial 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82
reflectron (R. M. Jordan) to enhance the mass resolution and m/z
detected by a microchannel plate (MCP) detector. The detectedFigure 2. TOF mass spectrum obtained from Ag/© 10/1, sample
ion Signa] was amp||f|ed by a fast preamp”fier and fed into a Cco-deposited with Iaser-ablqted Ti atoms for 30 min on a 10 K copper
digital storage oscilloscope. A LabVIEW program was used to Substrate. LDI at 308 nm with 9 43/pulse at 20 Hz (0.09 J/cj
accumulate mass spectra and to record and calibrate the spectra.
The pressure inside the apparatus was typically” Ibrr in Tio
the source region (pumped by a diffusion pump) and®Irr ‘
in the detector region (pumped by two turbo molecular pumps).
Similar experiments were done after coating the finely sanded
copper plate with a film of organic acidrans3,5-dimethoxy-
4-hydroxy cinnamic acid (sinapinic acid, SA), 4-hydrony-
cyanocinnamic acid (HCCA), or 2,5-dihydroxybenzoic acid
(DHB) (Aldrich), which are used in conventional MALDI
experimentd21418.23irst, SA (saturated C¥CN solution with
0.1% trifluoroacetic acid (TFA)) and HCCA (saturated in 50/
50 CH;CN/EtOH with 0.1% TFA) were used for coating by
drying 3-10 uL of solution on the copper plate at room 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
temperature. Second, SA (saturated in 50/5Q@CHH,O with m/z
no TFA) was found to give stronger ion spectra. Third, DHB  Figyre 3. TOF mass spectrum obtained from A€ 10/1 sample
(saturated in 50/50 C#N/H,O and then diluted 100 times)  co-deposited with laser-ablated Ti atoms for 20 min on a 10 K copper
also gave strong ion spectra. plate coated with SA (TFA) from GL of dried solution. Approximately
Experiments were done with bromobenzene (Aldrich) as a 23%”28';2 ?/ﬁr?c)m 0.5 crharea. LDI at 308 nm with 6.4J/pulse at
chromophore both mixed at 1% with the argon and oxygen gas ' ’
and as a vapor-deposited film on the copper substrate. Bro-
mobenzene has a strong absorption from 300 to 36& and
is subject to two-photon ionization in the gas ph#se.

TiO

Ti

ion signai (arb. un

Ti

ion signal (arb. units)

3.2. Copper Substrate Coated with Organic Acid Film.
The same experiments were performed with organic acid coated
copper substrates, and the ion signals were strong enough to
reduce the desorption/ionization laser pulse energy tq8/4
pulse (fluence 0.06 J/cth Mass spectra of the organic films

Mass spectra will be presented for Ti, Cr, and Co and their contained weakSCu" and ®*Cu* signals plus weak peaks in
monoxides formed by the reaction of laser-ablated metal the background that could be due to organic fragment ions, but
atom§-1° with O, in excess argon during condensation on a NO organic parent ions were detected. The spectrum of Ti and

cryogenic copper substrate and on organic film coated cryogenic Oz from copper-supported SA film with TFA is shown in Figure -
copper substrates. 3; note the clear enhancement of the TiO signal relative to Ti

and higher signal-to-noise as compared to the naked copper

3. Results

3.1. Copper Substrate On the copper substrate, the maxi- L -
mum desorption/ionization laser pulse energy, 8Jpulse substrate used for the spectrum in Figure 2. ifie= 63 peak

(fluence 0.09 J/cA), was required to observe ion mass spectra, CONtains a contribution froffCu as well as'TiO™. No TiO,

and the spectra contained a number of background peaks dud'as observed, however, as théz = 80-84 mass peaks are

to traces of diffusion pump oil in the source chamber. The due toimpurities. Argon and£Inass peaks were barely detected

spectrum after reacting laser-ablated Ti withi@excess argon ~ above the noise level.

during condensation for three 10 min periods is shown in Figure  Figure 4 shows the spectrum for Cr and @Gn a copper-

2. Note the resolution of natural abundance Ti and TiO isotopes. supported-SA film (containing 130 nmol of SA). Note the strong

Them/z = 63 and 65 peaks contain a minor contribution from 1/1 relative intensity CrO and Cr mass peaks with natural

copper. Arr was observed as a weak'z = 40 peak, but @ abundance chromium isotopes. This spectrum was reproduced

was difficult to detect. in a later experiment using a fresh SA film. The initial spectrum
Similar experiments were performed with Cr and Co. In each of the copper SA film showed weak*Cu* and %Cu* mass

case strong atomic mass peaks were observed, again using thpeaks, but no Cupeaks were observed after the Ag/Or film

maximum laser energy, and background interference preventedvas co-deposited on top of the copp&A film. Similar

the clear observation of CrO, but a weak CoO sigmalz(= experiments using SA and HCCA films containing TFA

75) was observed with 5% of the intensity of Co. W&&RuU™ produced weaker spectra and the CrO signal was 50% and 25%,

and®Cu" peaks were observed. respectively, of the Cr signal. The reaction with Co on a SA
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CeHsBr vapor from the spray-on line onto the clean 10 K copper
Cr Cr0 plate.

To confirm the ion-enhancing role ofsBsBr, a clean copper
substrate was again used with Cr and only an Ar©10/1
cryogenic matrix; no ions were observed using a fluence of 0.06
J/cn?, and only weak Crwas found with 0.09 J/cfas reported
above. Finally, another Ar/§0CsHsBr = 100/10/1 sample was
co-deposited with Cr atoms, and the Figure 5 spectrum was

reproduced with 0.06 J/cinNo positive ion mass peaks were
observed for bromobenzene or its fragments under these argon
IL matrix conditions; however, G C,~, C;H™, and GH,™ were

found in the negative ion mode.

ion signal (arb. units)

42 44 46 48 50 52 54 5'(; 58 Gb 62 64 66 68 70 72 74 76 78 80 82 84 86
m/z 4. Discussion

Figure 4. TOF mass spectrum obtained from Ap/© 10/1 sample The results reported here are important for several reasons.
co-deposited with laser-ablated Cr atoms for 20 min on a 10 K copper First, these results complement cryogenic matrix infrared

plate coated with SA from GiL of dried saturated solution. Ap- . o 8 10

proximately 0.13:mol of SA on 0.5 criarea. LDI at 308 nm with 6.4 spectroscopy StUd'es, of transition metakygen reaction8.

wdipulse at 20 Hz (0.06 J/@n Second, these experiments extend the LDI process to systems
synthesized in cryogenic matrixes. Finally, by studying these

or metal oxide systems with known ionization energies, new
insights into the mechanism of the LDI process can be gained.

) 4.1. Cryogenic Matrix Reactions.Infrared spectra of laser-

ablated transition metal atom reaction products witrdQring

o condensation with excess argon at 10 K have identified the

: monoxide (MO) and dioxide (OMO) produdts? Identification

of the MO products was based on comparison with gas-phase

vibrational fundamentals and ¥%0/M80 isotopic frequency

Cu ratios in the matrix samples. The OMO products were also

TW ‘ identified from oxygen isotopic shifts as well as natural
" A abundance metal isotopes (Ti,Cr). The present mass spectra
confirm the formation of metal oxides in the experiments and

ion signal (arb. units)

42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 suggest that TiO, CrO, and CoO are reaction products.
m/z Furthermore, the observation ofTiCrt, and Cd mass peaks
Figure 5. TOF mass spectrum obtained from Ag/OsHsBr = 100/ shows that not all of the ablated metal atoms react even using

10/1 sample co-deposited with laser-ablated Cr atoms for 10 min on a relatively high (10%) oxygen concentration.
?(I)egg Jl/?:n*;) copper plate. LDI at 308 nm with Gd/pulse at 20 Hz The metal monoxide yields probably decrease in the order
' ' TiO > CrO > CoO as the reaction energetics require more
excess energy in the metal atoms for €dCr to foster these
endothermic reactior®.In addition, the ionization energies and
therefore the difficulty for ionization increase in the series (TiO,
CrO, CoO ionization energies are 6.8, 7.8, 8.9 eV, respec-
tively).2”~30 This explains the relative intensities of TiO>
CrO™ > CoO" mass peaks observed here.

film produced the CoO peak at about 5% of the Co peak
intensity. No metal dioxides were detected.

Experiments were done for the three metals and AHO
10/1 samples co-deposited onto copper-supported-DHB films
(containing 100 nmol of DHB) with the same physical appear-
ance as the above SA films. Titanium gave a spectrum of Ti

and TiO" similar to the SA spectrum in Figure 3. Chromium Ti+0,— TiO+ 0O AE= —42 kcal/mol (1)
yielded a weaker Crspectrum and a relatively much weaker
CrO" spectrum (Cr@/Crt = 1/3) than in Figure 4 using the Cr+0,—CrO+ 0 AE = +17 kcal/mol 2)
SA film. Cobalt gave a similar Co spectrum with slightly
poorer signal-to-noise, compared to SA, but no Co@as Co+ O,— CoO+ O AE= +31 kcal/mol 3)
detected.

3.3. Copper Substrate plus BromobenzeneA potential No mass spectroscopic evidence was found for the dioxides,

advantage of the cryogenic experiment is that volatile matrix which have been clearly identified in the matrix infrared
molecules may also be used due to the low temperature of thespectre8~1° Calculated infrared intensitigsfor TiO and TiQ,

LDI target. This was shown in experiments performed with suggest that comparable amounts of TiO and,Ef®@ produced
bromobenzene as a substrate film on the 10 K copper plate andn these experiments. The ionization energies of ;T(@5 +
mixed at 1% with the argon/oxygen reagent gas to serve as a0.5 eVf2and CrQ (10.3+ 0.5 eV§3 are higher, and apparently
laser-absorbing chromophore molecule. Figure 5 shows thetoo high for the ionization method employed here. Ga®
spectrum for a Ar/@CgHsBr = 100/10/1 sample co-deposited expected to have an even higher ionization energy.

with Cr for 10 min. Again the Cr and CrO signals are 4.2. Laser Desorption/lonization Processe3he observation
enhanced and the CrCCrt ratio markedly increased from  of Ti, Cr, Co, TiO, and CrO mass spectra from solid argon
spectra with Ar/Q samples. Thevz = 59 peak is variable and  matrices at 10 K is clearly enhanced by the presence of a
due to an impurity in the system. Essentially the same spectrummolecule absorbing at our LDI laser wavelength (308 nm). This
with half of the ion signal was observed for Cr and As/© is shown bythe substantially reducedesorption laser energy
10/1 sample co-deposited on top of aHgBr film (ap- required to produce metal and metal oxide mass spectra and
proximately 0.04umol) previously deposited by condensing  the increase in TiO/Ti and CrO/Cr mass peak intensity ratios.
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CoO was observed very weakly and did not appear to be sible for the mass peaks observed from the copper supported
enhanced by the organic film techniques employed here,, TIiO argon matrix samples.
Cr0,, and CoQ were not observed in our mass spectra. Previous workers have shown that ultraviolet MALDI func-
The first method employed here to assist desorption/ionization tions efficiently only when the laser directly excites the matrix
was to precipitate a layer of organic acid (SA, HCCA, or DHB) moleculesi?1441 and the results we have shown here are
on the Cu plate at room temperature. Approximately-1800 consistent with that. An active role for the matrix in the
nmol of organic acid was applied, and the films appeared to be ionization of analyte molecules appears likély:*42 This is
polycrystalline but the coverage may not be uniform. The Ar/ further supported by our studies of known ionization energy
O, metal atom layer was co-deposited on top of the organic (IE) analyte species. How are our'TiTiO*, Cr*, CrO*, and
layer on the copper plate cooled to 10 K. This two-layer Co" mass peakenhancedy the above-described addition of
combination markedly increased the ion vyield from these organic acid or bromobenzene?
samples and the intensities of TiGind CrO relative to Ti The desorption geometry clearly changes when the organic
and CF (Figures 3 and 4) as compared to identical experiments overlayer is added to the copper substrate. The greater penetra-
using no organic layer. Weak Cusignals were observed in  tion of the 308 nm laser beam into the organic layer than into
some experiments (Figure 3 but not Figure 4) suggesting thatcopper and the resulting energy transfer to the organic layer
the organic overlayer coverage was not uniform. Although Wwill resultin a larger volume of argon matrix expelled. However,
conventional MALDI spectra usually contain peaks related to the metal and monoxide cation yields are markedly enhanced
the organic matrix speciéd4 only weak peaks in the back- by the added organic material. Even though the argon matrix
ground could be due to organic fragment ions from the film Samples contained at least 10 times mogét@n MO (probably
beneath the argon matrix. We suggest that copper is much easie” 100 times), the @ mass peak was difficult to detect. It is
to detect here due to concentration of the spectrum into two significant that the ionization energies of the TiO and CrO (6.8
63Cu* andS5Cut mass peaks instead of many fragment ion mass and 7.8 eV3*3%and the metal atom Ti, Cr, Co (6.82, 6.77, and
peaks. These fragment peaks are indistinguishable from the7.86 eV, respectivel§j analytes arebelow the ionization
background pump oil signals present in the diffusion-pumped energies for the organic acids (8.05 eV meastréat DHB
ion source. Apparently the organic chromophore cations do notand 8.3-8.7 eV estimated for SA from values ranging from
survive expulsion through the argon matrix. However, with 8.0 eV for 1,3-dimethoxybenzene, 8.4 eV for styrene, 8.5 eV

bromobenzene in the argon matrix, negative organic fragmentfor phenol, and 9.0 eV for 3-phenyl propanoic acid) and
ions were observed. bromobenzene (9.0 eW}:*® On the other hand, Ohas a

substantially higher IE (12.1 eV#},and we were not able to

Our two-layer sample preparation is similar to the two-layer . -
observe mass spectra ispropanol (IE= 10.1 eV}3in a SA

LDI experiments employing explosive compounds for enhancing | . : .
the analyte mass spectra by Hakansson & Bbth of these film experiment. This suggests that exothermic charge exchange
methods show that the absorbing substrate and the subjec{ro”_1 _the organic chromophore plays an important r_ole n

analyte do not have to be mixed. Since these experiments werg?SSISting the ionization process for the metal atoms, TiO, and

carried out at cryogenic temperatures, we were also able to use-'© ;]n\festlgr?t(.ed Eerle. In félg;j the .hllgh.err:E of CoO (8.9 eV)
matrix species that are volatile at room temperature, such as™a help explain the lower CoQon yield in these experiments,

bromobenzene. Bromobenzene absorbs strongly at 308 nm, and conversely the lower IE of TiO may justify the higher TiO

and deposition of an Ar/@CeHsBr mixture onto the cryogenic ion yield. It is known that solid argon red-shifts the ionization

substrate with Cr atoms also worked well (Figure 5, note the energy of small molecules . by. 0'7. to 1.'4 &Vso even
weak CU signals in Figure 5 but not Figure 4). bromobenzene can be photoionized in solid argon by two 308

Gi the st h ts ob d by the additi fnm photons. Furthermore, it is also possible that two-photon
Iven the strong enhancements observed by the addition Ol g, witaq hromobenzene energy transfers to ionize adjacent metal
absorbing matrix species in these cryogenic experiments, it is

of interest to consider these results in the context of the pro osedatoms and oxides in the matrix cage.
mechanisms for ion formation in MALDI mass speF():trgm- The in_volvement of charge exchange in the assi§ted LDI
etry 143537 The most straightforward explanation for matrix process is further supported by the observations with DHB,
catié)n formation is through (sequential) multiphoton ioniza- Whlch hgs a known (8.05 e¥)and probably lower (0.3 to 0.7
tion.14.3536|t is possible that ionization of the analyte species eV) lonization energy than SA. We found that OT(.DVaS

: produced less efficiently with DHB than SA films, which we

'Tg; e\ipgrlm:ants with onlt)_/ ? cr)/lgg(;nltc Ar matrix at ,308 nmt believe is a consequence of the CrO ionization energy (7.8eV)
(4.02 eV) involves sequential multiphoton processes; we no efalling just under the value for DHB. The organic film ionization

that TiO has a 313 nm gas-phase band sy$temd a 308.7 energies are not known, but they are expected to be slightly

nm a_rgonT_rnact:trGCabsorpgcg;. -gh% m7egaél a\t/om |on|ztg\',[?g)ln lower than the free molecule values (for example, 7.9 eV is
energies (Ti, Cr, Co are 6.82, 6.77, 7.86 eV, respectively), reported for the (DHB)dimer)1* In larger organic molecules,

and the_ ?enfsmes of att(_)r?'i sta”tﬁslear_4.(_)2 tc_aV are also of course, other ionization mechanisms such as excited-state
appropriate for sequential two-photon onizalion Processes. ,.,4n transfer can also play a réfe?2but for the metal oxide

Strong TT, .Cﬁ’ and Cd mass peaks were observed frc_nm the systems discussed here, exothermic charge exchange appears
argon matrix samples. The argon matrix cannot contain metal to be very important

cations from the 523.5 nm ablation process because ofhe
kV copper LDI substrate bias. We note that strong dmd TiO 5 C .

X ... 5. Conclusions
mass peaks have been observed from vapor-deposited titanium
oxide films using 265 nm excitation, which also requires two  Transition metal atoms and monoxides have been desorbed/
photons for ionizatiod® Similar studies done here with a ionized from 10 K argon matrix samples using 308 nm radiation.
precipitated chromium trioxide film and 308 nm excitation gave The ion yield is enhanced and the Tidi™ and CrO/Cr" ratios
strong Ct and CrO" signals (C¥/CrO" = 2/1), which again increased on the addition first of an organic acid precipitate
requires two-photon ionization. We conclude that multiphoton layer to the copper substrate or the addition of a chromophore
ionization of transition metal atoms and monoxides is respon- molecule (GHsBr) to the gas mixture used to form the cryogenic
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matrix. These experiments show that desorption/ionization

processes in a cryogenic argon matrix can be enhanced by th

addition of an absorbing component to the matrix and provide
new insights into understanding the mechanism of the LDI
process. The efficient production of TiGand CrO from the

molecules with known ionization energies lower than the light-

absorbing matrix molecules suggests that charge exchang

makes an important contribution to the LDI process.
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