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Time-Resolved Surface Temperature Measurement of MALDI Matrices under Pulsed UV
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Time-resolved examination of the surface temperature was performed for various MALDI matrices, irradiated
by UV (4 = 355 nm,7 = 5 ns) laser pulses. The temperature was measured by detecting the emitted blackbody
radiation from the sample surface. The maximum surface temperature was observed to occur during the falling
edge of the laser pulse, with a delay of 2 ns with respect to the laser pulse peak. Its value was found to
depend on the kind of the matrix, the thickness of the sample and the laser fluence. For 2,5-dihydroxybenzoic
acid, the most popular matrix, the peak temperature was found 866 and 1100 K at the lower (10 Fm

and the higher (100 JAnfluences, respectively, used in this work.

Introduction measurement of the surface temperature of two well-known

. o ) ) MALDI matrices, 2,5-dihydroxybenzoic acid (2,5-DHB) and
When irradiating organic crystals with UV laser pulses, picotinic acid (NA), during the irradiation with UVA(= 355

electronically excited molecules. exchan_ge viprational energy nm r = 5 ns) laser pulses at various fluences. The dependence
and/or transfer it to the surrounding medium with a half-life on ¢ 1he peak surface temperature on sample thickness was also
the_order of plcoseco_ndsThe deposited thermal €nergy causes eyamined for 2,5-DHB, NA, 2-(4-hydroxyphenylazo)-benzoic
an increase of the solid temperature. On the basis of fluorescence, (HABA), 2,4,6-trihydroxyacetophenone (THAP), dithranol
measurements on. matrix-assisted laser desorption ionizationq ferylic acid. The experiments are based on the detection of
(MALDI) matrices? it has been reported that a large percentage he piackbody radiation emitted by the matrix surface at elevated
of the initially absorbed UV laser energy-80%) is converted  temperature. Previous works on metal substPdfédsave shown

to thermal energy. The3 lifetime of this process has been ¢ plackbody radiation emitted from hot irradiated surfaces
estimated to be 0:51 ns” Because of the low thermal con- ¢4 pe ysed for a noncontact, fast (nanosecond time scale)

ductivity of organic solids, large temperature changes may be yetection of the temperature during and after the laser irradiation
attained in the solid for nanosecond laser pulses that are usuallypu|se_

employed in the MALDI. A high temperature of the system
may play a key role for various processes that take place aftergyperimental Section
the absorption of the laser energy in MALDI. ) ] ) ]

It has been argued on the basis of experiments and molecular, The apparatus used for thls.expe.nment is shown schema}t]cally
dynamics (MD) simulations that the temperature increase during In Flgure 1. The samples are irradiated by a Nd:YAG_ (Minilite,
laser irradiation is important for the mechanisms of molecular Contlnuu_m, CA/USA) laser beand & 355 nm,_full width at
ejection in MALDI. Depending on the rate of the temperature half maximum (fwhm)= 5 ns). The pulse dgratlon of the Iasgr
change in the solid, the ejection/desorption can be characterizetpeam was measured using a h|gh-spe¢d S|I|cqn PIN photodiode
as either a thermal surface vaporizafion a phase explosion. (DE_T_ZOO' ThprLabs, NJ/USA) with a nse/fall_ i a’_‘d
Furthermore, the temperature increase can also affect the therma@ d'g't?" oscilloscope (93509’ Lecroy, _SWltzerIand) with a
degradation and the conformation of the biomolecules inside . andwidth of 500 MHz (2-ns time resolution). The 'Qsef beam
clusters of the ejected materfalEinally, ion formation in is gently focused onto the sample surface to a spot size of about

MALDI can be influenced in part by the temperature increase. 3 n;;n Xﬂ% mm_.r;he Iallser ﬂﬁ;:cel was f\llaned using at(tje][luato:{g
Theoretical calculations predict that the probability of ion ana/or fiters. The values of the faser fiuences ranged trom

formation through thermoionization paths can become signifi- to 100.J/ M. The reported values are uncorrected for gcattenng/
cant as the matrix temperature increases to 2066 K. reflection losses at the sample surface. All experiments are

Despite the importance of the issue, there has not been an)}Jerformed atfixed angles of incidence (jand detection (9,

experimental study of the time evolution of the matrix surface with respect to the surface normal of the sample. The initial
P Iay S X temperature of the sample was at approximately 300 K (room
temperature, during and after the laser irradiation. Such informa-

. . . temperature). All experiments were performed at atmospheric
tion can be useful especially for the theoretical models and MD P ) b P b

) ; ) ) ressurefd = 1 atm); i.e., the results may relate to atmospheric
simulations as well as for interpretation of some of the mass P i ) y P

. . pressure MALDI more directly than to MALDI experiments
spectrometry results. In this work, we report the time-resolved carried out in a vacuum
The blackbody radiation emitted from the sample surface was
* Author to whom correspondence may be addressed. E-mail: zenobi@ detected by a fast infrared InGaARIN photodiode (model
org.chem.ethz.ch. . .
T Current address: Hellenic Air Force, 1IBVI Akrotiri, Chania, Crete/ G8376-03, Hamamatsu, Herrsching, Germany) with a spectral

Greece. response range 0f0.9-1.7 um. The detector’s responsivity
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Digital Storage in either case, it is not possible to provide an exact number for

Oscilloscope the sample thickness, because of the heterogeneous nature of
. the MALDI samples. In the thin-layer preparation, the droplet
Triggering . on the metal substrate was spread, to avoid buildup of a thick
[} o) Detector Mirror
crystal layer, and subsequently allowed to dry at room temper-
‘ \ ature. In the case of “thick” samples, we used depositions with
a thickness of several hundreds of micrometers up to a
millimeter, to ensure that the metal substrate is not visible to
Beamsplitte the laser irradiation. All the matrix compounds were obtained
355 nm from Fluka (Buchs, Switzerland).
Laser Beam

Amplifier

InGaAs

" Pliokidetector Results and Discussion
-Lens

Iris For converting the infrared photodiode signals to temperature

Filter values, a calibration is needed. The straightforward procedure
proposed for metal surface®¥ cannot be applied here. The
reason is that metallic samples can easily be held at a constant,
elevated temperature while the signal from the emitted radiation
Sample K-type thermocouple is recorded. In the case of MALDI matrices, a prolonged
a1 temperature increase abové&00 K would cause sublimation

Nd:YAG or melting of the sample. The sublimation temperature for

5 ns FWHM MALDI matrices is in the range 0f~350-500 K12 Methods
If;:‘f;g‘{;‘::‘“ for determining the emissivity, e.g., based on the measurement
' of the reflection and/or the transmissidrannot be applied
either because of the roughness of the matrices’ surface and
the presence of the metal substrate. Therefore a different pro-
cedure was followed in order to convert our signals to tem-

was 0.95 A/W at 1.55m. An operational amplifier (Burr- perature. Initially, the whole optical setup was calibrated using
Brown. OPAB58. 900 MHi) is used for amplifying the signals 2 stainless steel substrate that has a known emissivity. The bulk
giving 'a 310 V/,;-\ output. The rise/fall time of the amplifier temperature of the stainless steel was controlled by a resistance
and electronic circuitry was determined separately, resulting in h¢atef and me_asured l_Jy a K-type thefmocogple attached fo it.
an overall (detector- amplifier) response time of 2 ns. The Flgure 2a depicts the 'r.‘ffafed photodiode signal output (data
signals were recorded on the oscilloscope and transferred to 4°0iNts) recorded for various temperatures of the stainless steel
computer for storage and data processing. All the presented datgurface. The output signaf (data in Figure 2) is proportional

are unsmoothed. Because the detector is not sensitive tol® 1" Wheren > 4 andT is the temperature of the sampfe.

temperatures lower than 55600 K, some points that gave 1 nerefore ifTg is the equivalent blackbody temperature, we
negative voltage readings were removed as they have no@Ve:V U éssTss = Ta", whereess(ess~ 0.20) is the emissivity
physical meaning. Normally 100 laser shots were averaged in of the polished stainless stéehnd Tss the measured substrate
each recorded blackbody spectrum. However, in the case of thel€MPerature by thermocouple. The slap¢12.4) was deter-
thin samples, more than 100 laser shots were utilized becausem'necj bY fitting the data n a loglog plot as shown in the .
of the lower S/N ratio. An infrared lens (5 m@) with a focal inset of Figure 2a. Such a high power for the temperature scaling
length of 3.2 mm attached to the input window of the detector Was €xpected because only a narrow spectral interval of the
was used to image a spot of 0.9 mm diameter in the center areablaCkboOly spectrum is sensed. In previous studies with an

of the laser irradiated surface, onto the active area of the detectoﬂnfrgred ragiation pyrolmeten has beenépund to be as high to
(0.3 mmg) in a 3:1 transfer ratio. Care was taken to keep the 12.% At a detector voltage/ corresponding to a temperature

imaged part of the surface in the detector active area smaller [ss dete_rmingd by the calibration_, the matrix temperature can

than the laser heated area. The acceptance angle is limited &€ OPtained in an analogous fashion by the following equétion

28°, corresponding to an F-number of 0.5. The total detection

solid angle of the system was0.2 sr. An optical cutoff 850- Tratrix = (esgemat,ix)lsts (2)

nm filter (model FSR-RG850, 25.4 m@, Newport Instruments,

Switzerland) was used to protect the infrared detector from where emanix is the emissivity of the matrix. Themayix value

scattered radiation (laser light and fluorescence from the was estimated from literature reports to+8.90 in the range

sample). Although the optical detection setup (lens and infrared of 1—2 um and at temperatures higher than 475 K. This

detector) is insensitive to radiation 1 um, the output signal  estimation was based on studies of polyrffeamid on the fact

was found to be influenced by the presence of some scatteredthat for nonmetallic materials the emissivity is much higher than

reflection radiation when the cutoff filter was not used. that of metals. In general, the spectral emissivity of nonmetallic
All sample targets were prepared using the standard “dried substrates has a weak dependence on wavelength, especially in

droplet” method on a polished stainless steel substrate, whichthe infrared. The emissivity is nearly independent of angles from

resulted in many small crystallites on the substrate surface.0 up to 50 degrees, and the temperature dependence is weak.

Because of the well-known inhomogeneity of microcrystalline Finally, since emission and reflection processes involve layers

MALDI preparationst! we measured both samples with thin well into the surface, surface conditions such as roughness are

(usual amount) and thick coverage. We refer to “thin” sample not likely to significantly influence the emissivi#f.The same

layers when the metal substrate is only partially covered by emarix Was assumed for all the matrix compounds examined.

sample crystallites and to “thick” sample layers for cases where Figure 2b shows how the photodiode sighalin mV) can be

the substrate is completely covered by the sample. However,converted into a matrix temperatufgarix (K) using eq 1, based

UV-Lens

Figure 1. Schematic diagram of the experimental setup used to measure
the surface temperature.
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Figure 3. Nd:YAG laser pulse profile and typical thermal emission
550 - T T T T T T T signals from the irradiation of thick films of 2,5-dihydroxybenzoic acid
0 10 20 30 40 50 60 at various laser fluences. The spectra were recorded at 10 A2ém
IR Signal (mV) and 55 J/My and each of them was averaged over 100 laser pulses.
Figure 2. (a) Static calibration of the IR photodiode detector for s 4
different surface temperature®) of stainless steel. The full line = 27Cy/[A° exp(Co/AT) — 1], whereCy (3.7420x 108 W um/

represents the signal predicted by eq 2 based on Planck’s law. Insetm?) and C, (1.4388 x 10 K um) are constants. We have
see text. (b) Data converted to allow the determination of the matrix assumed a constant emissivity for stainless steet .20 at
temperature. T =300 K,1 = 2 um). As shown in Figure 2a, the theoretical
estimate (line) is in excellent agreement with the experimental
data points, showing that a constant emissivity of the metal for
the given temperature and the wavelength range can be used,
i.e., that eq 1 can be applied witls = 0.20.

We first examine the dependence of the surface temperature
of 2,5-DHB and nicotinic acid matrices as a function of laser
fluence when irradiating thick samples of the compounds.

on the calibration shown in Figure 2a. The solid line in Figure
2b is a fit which was employed for this, including extrapolations
beyond the temperature range used in the calibration.

Finally, to ensure that the metal substrate emissivity is
independent of temperature or angle in the wavelength range
of 1-2 um, we calculated the expected output signal as a

function of temperature from the blackbody theory using a 1 ica plackbody emission signals when irradiating 2,5-DHB
constant value of emissivity. This estimation, shown as a solid

line in Fi 5 based th X ¢ ¢ with various laser fluences are shown in Figure 3, along with
IN€ In FIgure za, was ase’ on the parameters of our Selupy,q 55y pulse profile. Such curves were recorded for all the
given below and on Planck’s law (blackbody radiation). The

h I L . | I d by the d b matrices examined. For all fluences, the shape and the height
thermal emission S|g71na collected by the detector can be utihe cyrves are found to remain constant over a large number
expressed in genefdl’ by

of irradiation pulsesX300). As can be seen in the figure, the
RoA w1 o ma;xim_tlfrr]r? signafl ocgufrs dﬁl;ling the falling e?jg?rhOfche I(;:lsler
== pulse. This was found for all fluences examined. The time delay
S == GenclopameTR Ji fyz S €000 x of the peak signal with respect to the peak intensity of the laser
Jgg, (4,T) dO dop di (2) was found to be 3 ns. Taking into account that the time
resolution of our apparatus is 2 ns, the delay may be even
whereT is the temperaturé) and¢ are the polar and azimuthal ~ shorter, but if true, it is not possible to resolve it using the
angles,1 is the wavelength~+1—2 um), Rq (50 Q) is the present setup. In general, the detected curves were found to have
impedance of the oscilloscopk,is the area on the sample (7.8 a fwhm of ~10—12 ns, and the peak of the detection signal
x 1071 mmP) that is seen by the detectdiR (1) is the spectral was found to increase with increasing laser fluence.
transmittance of the optical path (filter, len&gnot (0.95 V/W) Parts a and b of Figure 4 show the temperatures transients
is the response factor of the InGaAs deted®ypamp (310 V/A) for different laser fluences for 2,5-DHB and nicotinic acid,
is the gain of the operational amplifier, ad ; is the blackbody respectively. The temperature is obtained from the signals using
emissive power which follows Planck’s radiation 1a%Jgs the calibration procedure described above. For 2,5-DHB, the
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Figure 4. (a) Transient temperature profiles at different laser fluences recorded for irradiation of thick films of 2,5-dihydroxybenzoic acid at
various laser fluences. (b) Transient temperature profiles at different laser fluences recorded for irradiation of thick films of nicotimtagaoigsat

laser fluences. (c) Dependence of the peak temperature on laser fluence. Because of the nonlinear shape of the calibration curve, the uncertainty is
estimated to bet100 K in the low-temperature regime<650 K), dropping to20 K in the high-temperature regime.
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Figure 5. Time-resolved temperature measurements of thin and thick films of DHB irradiated with 355-nm, ¥dasEnypulses. (a) Detector
output signals and (b) conversion to temperature.

peak temperature was found to range from 830 K to almost various MALDI matrices. Measurements were performed on
1080 K depending on the laser fluence. Afterward the temper- 2,5-DHB, nicotinic acid, HABA, dithranol, ferulic acid, and
ature drops to~700-650 K in 30 ns. The fluence dependence THAP at a laser fluence of100 J/mi. Figure 5 depicts the
of the temperature for nicotinic acid is shown in Figure 4b. recorded signals (part a) and the transient surface temperature
These experiments were done under conditions identical to thatcurves (part b) for thin and thick samples of 2,5-DHB. Some
of 2,5-DHB. In general, the temperature profiles are similar to interesting features were observed. First, as shown in the graph,
those observed for 2,5-DHB. However, the temperature decreasehe peak temperature for the thick 2,5-DHB 1080 K) was
is faster (~20 ns) than for 2,5-DHB. Another difference is in  found to be larger than that of the thin sampte900 K).
the temperature maximum observed for different laser fluences. Second, the drop of the temperature is steeper in the case of
As shown in Figure 4c, peak temperatures reached in the casehe thick sample as the temperature drops by more than 300 K
of nicotinic acid were higher than those for 2,5-DHB for all in atime period of 15 ns. In contrast, for the same time interval,
fluences examined. On the other hand, the dependence of peala decrease of 200 K is observed for the thin samples. Similar
temperatures on laser fluence was found to be very similar for observations were made for all the matrices examined. Table 1
both matrices: initially, the temperature increases linearly, but summarizes the results from the various matrices for thin and
at higher fluences~100 J/n?), it appears to show a sublinear thick samples irradiated by 100 J/n? laser pulses. The peak
trend. This behavior at higher fluences will be discussed below. temperatures of the recorded curves are reported in Table 1. In
We next examine the time-resolved measurements of theall cases, the peak temperatures for the thick samples were larger
surface temperature when irradiating thin and thick samples of than the ones found for thin samples.
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TABLE 1: Peak Temperatures (K) Obtained after and NA, as the temperature was found to vary almost linearly
Irradiation of Various MALDI Matrices with 100-J/m 2 Laser with fluence (see Figure 4c), at least for moderate values of the
Pulses laser fluence (1660 J/n?). On the other hand, absolute values
nicotinic ferulic for the peak temperatures cannot be derived from the equation
sample DHB acid ~ HABA THAP dithranol acid to compare with the experimental observations, because there
thin 920 930 900 925 820 750 are additional parameters (surface vaporization) that must be

thick 1090 1120 1130 1030 1090 1130 taken into account and that affect the final peak temperatures.
At higher fluences ¥60 J/n?), some deviation from linearity

was found. The principal reason for this is certainly the increased
vaporization rate at elevated temperature, which is not taken

Considering first the temperature curves observed for the
various matrices, a temperature maximum very soon after the

laser pulse is in agreement with what has been found in iyt account by eq 3. In addition, a high temperature in the
fluorescence measurements of these compotisst of the molecular solid of the matrices can result in a metastable

absorbed energy (80%) is expected to be converted to thermahhermodynamic condition characterized by the occurrence of
energy, increasing the temperature within-8l&hs. On the other  ¢5yitation, bubbles, etc. in the irradiated voluh®8.At the
hand, the fast surface cooling that is observed after the Iaserhighest fluences where the temperature of the solid is almost
pulse can be attr'ibuted to different processes. Three mechanismgice the melting point of the compounds, such a situation can
can be responsible for the surface temperature drop, namely 454 jead to a deviation from the linear behavior predicted by
heat diffusion, surface vaporization, and thermal emission. eq 3.

Energy loss via thermal gmission Is very minor if at all present. Finally, we consider the origin of the different peak temper-
The total thermal emission power was calculated to-0e16 atures observed for thin and thick samples of the various

:N at ”11_00tri]<. The he?Dt ilfflug_l\;ltyz)‘or mg"fﬁ“'gf s_ollci_s 'S" matrices. As seen in Table 1, the peak temperature of the thick
t_yplcafyﬂl‘n the ran?e 0 Nb th m S,I an d et' |ss_£|tpa lon sample was found to be higher than that of the thin one for all
Cl:me 0 det ethaS energé/thy f t?]rmie\ con ulc 'orl; /tﬁ Icases. As discussed above, surface vaporization is the most
ompared 1o the >-ns wi ot the laser puise, the therma important process that affects the final surface temperature of
energy remains mainly in t_he |rrad|at|on_volume (a situation the thick samples. The most reasonable explanation is that, for
referred to as “thermal cor!flngment ) for times up tpdafter thin samples, an additional dissipation channel becomes im-
the laser pulse. Thus, no 3|gn|f|cant loss of thgrmal energy from portant, i.e., heat diffusion into the metallic substrate. In the
the surface of th_e sample is expected by this chanr_lel. On thecase of a thin matrix layer, fairly large metallic areas are exposed
o_the_r_hand, cooling as a result of surface v_aporlzat|on_can_bebetween the matrix crystallites. As the metal substrate has a
significant for surface temperatures exceeding the sublimation much larger heat conductivity compared to the matrix, energy

t(:n:jperr]atuge Otl;l.tgqe trgit;gﬁwMeOZi Ofeth.i :Egtr:eseuseg d in this loss by thermal conduction into the metal becomes important,
study have sublimatl peratures | rang explaining the lower temperatures in the thin matrix samples

i}:ﬁ Trrwtlsn?dea;%s thrathvz:t?orlfzta;utc;]n :N'” :n elverzwc]:ars]?hbeccme as compared to the thick samples. It is possible that the matrix/
terl?lo e?aturg h?ag rsisgn ya?)o(\a/e teh:SSUEIliJn?:{ion € oinlta S(; ?ﬁs metal system has a reduced emissivity, resulting from a sample
P P thickness that is small compared to the (near) IR absorption

tcr? mpo:cmd. ke _resiglt, th% {)heak tt()elr_npet_ratutre will dtepenc: tzn depth and low effective area covered by the matrix. However,
€ surface vaporizalion and the sublimation temperature ot th€ ., -, ations withe = 0.5 showed that this only results in a

compound in addition to the absorption characteristics of the lowering of the maximum temperature by about 20 K, i.e., a

matrix and the laser fluence. This can be seen in the comparison,_ ._.. ~. o
of 2,5-DHB with NA (Figure 4c). Although 2,5-DHB is a much r\iazrgé":{‘ é?fftzfeﬁgsﬂvtgnig?aetsglnOt account for the observed

stronger absorber at 355 nm than nicotinic acid, the sublimation
point of 2,5-DHB (478 K) is lower than that of nicotinic acid
(573 K). This can explain the higher peak temperatures for NA

observed at all fluences examined. In summary, time-resolved measurements of the surface
We next consider the dependence of the peak temperatureiemperature were performed for various MALDI matrices, under
on laser fluence. In mass spectrometry studies, the dependencgradiation by UV @ = 355 nm,7 = 5 ns) laser pulses. The
of the desorption yield from 2,5-DHB on laser fluence has temperature was probed by detecting the emitted blackbody
been examined for irradiation with UV laser puldes\ radiation from the sample surface. A similar behavior of the
quasithermal sublimation/desorption model was found to de- temperature transients was found for all matrices examined. For
scribe the desorption yields of the molecules. The model was 2 5-DHB and nicotinic acid, the peak surface temperature was
based on the assumption that at low and moderate fluenceSound to range between850 and 1100 K, depending on the
(<100 J/n3) a one-photon absorption process predominates, thickness of the sample and the laser fluence. Evaporative
which is highly probable also from fluorescence measure- cooling appears to be operative for all matrices studied, during
ments?319The surface temperature rise can be estimated from the laser pulse or shortly after its onset, and largely controls

Conclusions

the equation the peak temperatures reached.
T=T + OF aser ©) Acknowledgment. The authors would like to thank Mr.
© oCp Heinz Benz for technical assistance.
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