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INTRODWCTiON 

For HPLC analysis, retention data alone lack sc- 
icctivity. As a rcsuit, additional on-lint detectors 
are commonly used to incrensc specificity by pro- 
viding complementary information [I .2]. Typical 
on-line detection modes inciudc UV. MS. fluores- 
cence and clcctrochcmical. This approac’l is partic- 
ularly useful in forensic drug analysis. where trxc 
level analyses and establishment of peak identity 
and purity arc very important [ 1.21. 

USC of diode-array UV dctcctors can greatly in- 
crease selectivity by providing UV spectra: how- 
cvcr, the spectra themscives arc gencraity not 
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unique. Similarly. thermospray (TSP) MS can also 
greatly increase selectivity by providing maiecuiar 
weight information; however, usually little or no 
additional information beyond molecular weight is 
obtained. Furthermore. certain compounds do not 
give any dctectztble ion current at ail using TSP-MS. 

Continuous on-line post-elution photoirradia- 
tion has been previously employed as a means of 
converting an ciuting compound into one or mole 
photoproduct prior to ether variable-wavelength 
UV (3.41. fluorescence [S-l 31 or eiectrochemicai dc- 
tection [ 14-231. Photoirradiation of photosensitive 
solutes frequently results in formation of photopro- 
ducts with enhanced dctcctabifity. H?!A-photoir- 
radiation followed by fluoresccncc or eiectrochem- 
ical detection has been ptc\.ioudy rcportcd for dc- 
termination of drugs of forensic interest [5-S. 14 
171. herbicides 19.1 SJ. pesticides fi 31. sulfwamide 



diuretics [IO], stiibenc derivatives [i I], vitamin K 
homoiogues [ 121, penicillins [ 19], explosives and rc- 
iated nitro compounds [ZO], foods 1211, inorganic 
anions [22] and amino acids and proteins [23]. 

In this paper, the applicability of continuous on- 
iinc post-eiution photoirradiation to increase the sc- 
icctivity of diode-array UV and TSP-MS dctcction 
is described. The utility of this technique for the 
dctcrmination of various drugs of forensic intcrcst 
is discussed. 

EXPERIMENTAL 

Two HPLC systems were cmpioycd in this study. 
For diode-array UV dctcction, a Scrics 4 liquid 
chromatograph (Perkin-Eimcr, Norwalk, CT, 
USA) fitted with an ISS autosampler (Pcrkin-Ei- 
ma), a Partisil-5 ODS-3 cartridge system (I 1.0 cm 
x 4.7 mm I.D., 5 jtm, column) (Whatman, Clifton. 
NJ, USA) and a l040M diode-array UV detection 
system (Hewlett-Packard, Waldbronn, Germany) 
were employed. For TSP-MS dctcction, a Series 4 
liquid chromatograph fitted with a Model 7125 
valve injector (Rheodync. Cot&, CA. USA) and D 
Model 701C thcrmospray interface (Vestec. Haus- 
ton, TX, USA) firtcd to a 4530 quadrupoie mass 
spcctromcter (Finnigan-MAT, San Jose, CA. USA) 
wcrc cmploycd. For both systems. a “Phred” pho- 
tochcntical reactor (Aura Industries, Staten Island, 
NY. ‘USA) fitted with a KRC lo-50 knitted open 
tube (KDTI reactor coil (10 m x 500 jtrn I.D.) and 
n low-prcssurc 8-W mercury lamp with a strong 
254-nm Iinc (Aura Industries) were employed prior 
to the detection system. 

Acctonitrilc and ammonium acetate wcrc HPLC 
grade, Water was obtained from a Mini-Q system 
(Miiiiporc, Milford. MA. USA). All other chcm- 
icals wcrc rcagent grade or bcttcr. Drug standards 
wcrc obtained from the Rcfcrcncc Standards Col- 
lection of the Drug Enforcement Administration’s 
Special Testing and Research Laboratory. 

The HPLC mobile phase was in!ernaHy mixed 
from two individual solvent rcscrvoirs containing 
acctonitrilc and 0.1 M ammonium awate bul?+w, 
respectively. 

For flow injection analysis, 1 mg of standard was 
dissolved in 50.0 ml mobile phase prior to a 50- or 
100~cd injection onto the liquid chromatograph. 
For the TSP-MS flow-rate optimization study, 1 mg 
of each standard was dissolved in 25.0 ml mobile 
phase prior to a 50-/d injection onto the liquid chro- 
matograph. The mobile phase for both flow injec- 
tion and HPLC with post-column analysis consist- 
ed of 0.1 M ammonium acetate-acetonkrile (60:40, 
v/v). 

TSP conditions were optimized at a tlow-rate of 
1 .O ml/min (see below). The vaporizer had H tip ori- 
ficc of 125 itm and was opcratcd at 238-259°C with 
the source block temperature held at 266-282°C. 
The repeller was set at approximately 28 + V d.c. 
Data acquisition was from nr/: 100 to 500 at 3 s/ 
scan. 

RESULTS AND DtSCUSSlON 

It was of interest to determine whcthcr the opti- 
mum Aow-rate for TSP-MS analysis (i.e., approxi- 
matciy 1.0 ml/min) also rcprcsentcd the optimum 
exposure time for photochemical reaction. Six rep- 
resentative compounds of forensic interest (aceta- 
minophcn, heroin. noscapine, pcntobarbital, meth- 
apyrilcne and diphcnhydramine) were subjected to 
photoirradiation at scvcrul diIl+cnt flow-rates (ef- 
fcctivcly givirl s ditfcrcnt photochemical reaction 
times). Following diode-array UV detection, peak 
heights were measured at wavelengths where the 
photoproduct have significantly higher absor- 
banccs than the parent compounds. Acctamino- 
phcn was measured at 380 nm, heroin and nosca- 
pine at 340 nm and pcntobarbital, methapyrilene 
and diphenhydraminc at 270 nm. As shown in Fig, 
I. comparison of peak height response 1’s. tlow-rntc 
indicates unchanged or only slightly reduced scnsi- 
tivity levels (compared with the maximum rc- 
sponsc) when the optimum TSP-MS flow-rate of I .O 
mlimin is used for acctaminophen, heroin, pento- 
barbital and methapyrilene, with greater reductions 
for noscapinc and diphenhydraminc. Howcvcr, 
there are still signilicant and suficient photoin- 
duccd rcuctions occurring at 1 .O mljrnin for each of 
the photoscnsitivc substrates cxamincd, and this 
flow-rate was thcreforc utilized for aI1 c;t lr!iies 
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Fig. I. Pc:tk height rcsponsc t’c~r.w.s tlo\V-rotC litr pcntob;u%ili~l ( f 1, heroin ( ‘:, ). mcthapyrilcnc ( i). diphenhydraminc ( x ). acetami- 
rmphcn ( A ) and nosc:t$tc ( ‘7 ) alicr post-column photochanial reaction and diodwtinty dctcciion. 

The utility of photoirradiation diode-array UV 
dctcction is demonstrated by sdect compounds 
whose UV spectra are highly similar under lamp 017 
conditions but which exhibit quite diRerent spectra 
after photoirradiation. In this vein, it is particularly 
illustrative to compare structurally closely related 
compounds, e.g., butalbital W. talbutal, O&mono- 
acetylmorphine (06-MAM) IX morphine and 3.4- 
methylcnedioxyamphetamine (MDA) KY. 3,4-mcth- 
ylcnedioxymeth~~mphctamine (MDMA). As shown 
in Figs. 2-4, these pairs display similar spectra un- 
der lamp OR conditions but significantly different 
spectra following photoirrztdiation. Butalbital and 
talbutal display no disccrniblc UV maxima under 
lamp OK conditions: following photoirradiation, 
however. bot:t compounds displayed distinct UV 
maxima at 265 nm. with talbutal undergoing the 
significantly more pronounced hyperchromic cl%ct 

(Fig. 2). Similariy, both 06-MAM and morphine 
gave slight blue shifts (286 -+ 284 nm) following 
photoirradiation. with morphine undergoing the 
greater hyperchromic effect (Fig. 3). Finally, both 
MDA and MDMA developed a shoulder at 3 I8 nm 
following photoirradiation, with MDMA undergo- 
ing the more pronounced hyperchromic effect at 
318 nm and more pronounced hypochromic effect 
at 286 nm. 

UV absorption and photochemical reaction both 
involve excitation of photosensitive substrates via 
photoirradiation. However, the former process in- 
volves only a fully reversible absorption of energy 
raising a specific chromophore from its ground level 
to a low lying excited electronic energy level. The 
resulting excited state quickly returns to the ground 
state via various intra- and intcrmolccular vibra- 



BUTRtBItAL LRMP OFF 

TALEUTRL LRMP OFF - * 

BUTRLBITRL LAMP ON - - - 

TRLBUTAL LRMP ON - - 

240 2G0 280 308 328 346 3S0 38121 400 
Wavafsnat)r tnm3 

Fig. 2. UV spcctrtt of butalbital and Wibttktf h&wx and after photoirtadiation. 

tionaf and rotational interactians (thereby end-re- af interactions. but can altcrnatefy act as a high en- 
sulting oniy in simple heating of the sofution). In ergy transition state to a new molecule [or mole- 
contrast, the latter process involves absorption of cules) via (usually) intra- or {rarely) intermolecular 
very high energy photons raising a specific shro- reactions. The resulting photoproducts, whose for- 
mophare from its ground level to an upper cxcitcd mation and structure(s) can be highly dependent on 
electronic energy Icvel. As with standard UV ab- the prcsencc of nearby function,4 groups and/or 
sorption, the resulting photoexcitcd motcculc nq* stereochemistry, can have diffwcnt chromophores 
returlt to the ground state via vibrational rotation- (and thcrcfore dramatically difkrcnt IJV spectrq) 

MORPHINE LRMP ON - -- 

MONOACETYLMORPHfNE tAMP ON -- 
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MDA LRMP OFF 
‘MbMA LFIMP OFF -v 

MDA LRMP ON - - - 

MDMR LFlMP ON - - 

240 260 es0 388 320 340 360 360 40fa 1_1____. _-_-AL *_-. 

Fig. 4. UV spt.Writ of MDA and MDMA Wore and after pltoloirradig(ion. 

KY. the original substrate. As the examples detailed 
above illustrate, even minor structural and/or ster- 
eochemical differences Can lead to significant 
changes in UV spectra. 

Plrotoi~r;rtr(il~rikil with suhscqumt TSP- MS &tet*tim 
As is the case for diode-array detection. photoir- 

radiation frequently increases specificity of pure 
TSP-MS analyses. For compounds having the same 
molecular mass. pure TSP mass spectra are frc- 
qucntly the same. howcvcr, as shown in Table I. For 
example, 03- and O&MAN, both of which give 
only n?r/z 328 ions (MH+) under lamp-of? condi- 
tions, give significantly different spectra containing 
multiple ions under lamp-on conditions which for- 
mally can be interpreted. 03-MAM has an intense 
t~rjz 345 ion (probably [M + NHJH *) and a weak 
ttt/c 314 and nr/z 304 (probabfy [M - CHzCO + 
H1O]H+) ion: in contrast, 06-MAM has strong 
tl$Jr 346 {probably [M f HzO]H”). I??/: 302 and 
nr/; 300.284,270,268,257 and 256 ions. Both com- 
pounds retain very intense w/-_ 328 ions (which al- 
most certainly reprcscnt the unreactcd parent com- 
pound MH +‘s) and also display common W/Z 286 
(most probably [M - CHzCO]H + ) ions. 

In another pertinent example, cannabidiol and 
~~-tctr~lhydro~~nn~~b~nol (A’-THC) also give idcn- 
tical TSP mass spectra under lamp olT conditions 

but different spectra after photoirradiation. Under 
lamp-off conditions, both compounds exhibit W/Z 
315 ions (MH+). After photoirradiation, cannabi- 
diol gives only the 777/z 315 ion (Note, however, that 
the absolute intensity of the UV spectrum was sig- 
nificantly higher, suggesting that at least some pho- 
toproducts were produced); in contrast, dY-THC 
gives three ions lan intcnsc ttr/z 315 (= MM *) and 
smaller ~tr,‘-_ 373 and 333 (probably [M + HzO]H ‘) 
ions:. 

MASS SPECTRA fTHERMOSPRAY IONIZATION) OF 
COMPOUNDS OF FORENSIC INTEREST BEFORE AND 
AFTER PHOTOCI-IEMICAL REACTiON 

. ..__--^.-._- _..--- _.. -...--. --~----. ._ --- -- 

Cotnfround II) z frelarivc ahundancc) 
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TABLE Ii 

MASS SPECTRA (THERMOSPRAY IONIZATION) OF 
BARBITURATES BEFORE AND AFTER PHOTOCHEM- 
ICAL REACTION 

Compound DZ, z (relative abundance) 
--.- 

PentobarbitaI - 161( ll)‘*=‘. 244( iOO)““J~c’h. 227(4)‘*” 
‘lS(4)‘b. 201(75)~“. t57(14p”“’ 

Butalbital - 3Q(4Y )“?“J”h. 1’S(6)“‘“. X7( 100)“” 
199( IS)‘” 

Barbital - 119(14)“‘h, ~007{100)“~“~~‘h. IXS(4)“‘” 
159( 8 +.a 

Tiilbutal - ‘5918)R2h, 24,(37p’“*a’h. 207( ioop 
199(1t#“. 155(12). 143(W) 

AIlobarbital - 

Amobarbital - 

143(6)R’b. 231( 5). X6( I 6)i==.E”h 
209(4p ‘Ol(4) 191’10o)u” ._ . 

26l( 15p. 144( 100)~““~~‘“. 21?(X)“‘” 
‘lX(4)‘h. 20l(‘Uf~” 

Scawbarbital - 

Phenobarbital - 150(Y6)“2”+DLh. 133( IOO)‘lL”. X7(56)‘” 
1OaX). 16414) 

-.-. - ..__ _._._- --_-__ _.... .__ 

* A. BI. 82 and C: see Fig. 5 and rcfs. 25.2’7 for postulttwd 
structures: D: SW Fig. 6 for postulated mcchltnism and strut- 
lure: Iowr case ;1 and b dencrtcs H’ and NH; ion adducts 
rrspwivel~: Rx refwcnccs the C-S suhstitucnt lost to titrm ion 
A. 

Finally. in contrast to the f; &dings of Heeremans 
cl ol. [24] for heptabarbital. most barbiturates give 
IIO detectable TSP mass spectra at all under lamp off 
conditions. but (as detailed for eight typical barbi- 
turates in Table II) numerous ions after photoirra- 
dir;l:ion. These results were expected in light of pre- 
viouslj reported photoproducts for secobarbital. 
pcntobarbital and barbital f25-271. All eight barbi- 
tUr?wS displayed an intense [M + NHJH ‘-ion 
(consistent with the previously postulated protonat- 
ed photoproduct B2 shown in Fig. 5). in addition. a 
previously unreported photoproduct (designated 
photoproduct D) was observed at M - 17 for all 
barbiturates having a 5-ally1 subsitucnt: D appears 
to be the end result of a combined photo-Fries rcar- 
rangcment -dehydration reaction mechanism f Fig. 

6) and represents a highly specific and convenie?t 
marker for identification of 5-ally1 barbituric acids 
[28]. 

Under pure TSP-MS conditions, the ions which 
are typically observed represent combinations of 
proton. ammonium and solvent adducts; the forma- 
tion of these adducts essentially depends on the 
ability of a compound to act as a Bronsted base. As 
shown earlier, any compounds with the same mo- 
lecular mass and closely similar structures will typ- 
ically have similar Bronsted base properties and 
therefore essentially identical TSP mass spectra. 

As previously discussed, photoirradiation can re- 
sult in the formation of new photoproducts. which 
will result in clear differences in TSP mass spectra if 
those new compounds have different molecular 
masses and/or altered Bronsted base properties. In 
addition, dramatically increased fragmentation 
may be observed. even with photoproducts of iden- 
tical molecular mass and Bronsted base properties, 
if those compounds are (as expected) thermody- 
namically less stable than the original substrate 
(thermodynamically unstable photoproducts are 
more susceptible to fragmentation under standard 
TSP-MS conditions). As the examples dctailcd 
above again illustrate, even minor structural and/or 
stcreochemical differences can result in significant 
changes in TSP mass spectra. 

The use of diode-array UV and TSP-MS detec- 
tion under lamp-off/lamp-on conditions provides 
for both the identification of psilocybin and its dif- 
ferentiation from psilocin. The UV spectra of psilo- 
cybin and psilocin are quite similar under lamp off 
conditions. with UV maxima at 265 nm (Fig. 7). 
After pholoirradiation. both compounds exhibit 
pronounced hyperchromic effects throuphout the 
entire UV spectra 220-400 nm; however, psilocybin 
displays no discernible UV maxima, while psilocin 
displays a new maxima at 233 nm. The TSP mass 
spectra of psiiocybin displays only an abundant I~I, 3 
285 MH + ion and a more intcnsc 111 z X5 ion (the 
latter almost certainly reprcscntinp rhc MH’ ion 
for psilocin) under tamp ofl’ conditions (Table 111). 
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0 

(A) Refsrcnce 25.26 

N=C=O 

(81) Reference 27 (821 

Rl \ /‘l -NH-C-NH, 
/ “--E 

R2 

fCt Reference 25.26 

pentobarbital R,- CH,CH2CH2CH (CH,) 
butalbital R, - ( CH, ) ,CHCH2 
barbital %- C,Hs 
talbutal R,- CH,CH2CH ( CH, ) 
allobarbital R,- CH,=CHCH, 
amobarbital RI- ( CH, ) ,CHCH,CH, 
secobarbital R,- CH,CH,CH,CH (CH,) 
phenobarbital R,- C&H5 

R2- =2J% 

Rz- CH,=CHCH, 
R,- =Ps 

R2- CH,=CHCH2 
R2- CH,=CHCH, 
R,- C& 
Rz- CR2=CHCH2 
R,- C2Hs 

After pllotoirr~di~tioil. however. rt highly complex 
TSP mass spectra is obtained containing 27 ions; 
the spectrum is vastly different than that obtained 
for the structurally similar psilocin under identicaf 
conditions. The new base peak for psilocybin is IPI z 
221, while for psilocin is m z 219. In ah. there arc 21 

0. 

Photoproduct g ” 

unique ions in the photLirradiatcd- TSP mass spec- 
tra of psilocybin (KS. psilocin). including intense 
ions LII itrjz 164. 162, 128 and I 18. The intense ~1’: 
205 ion present in both spectra is consistent with the 
MH + ion for psilocin. Finally. since the ion of m/z 
= 285 (representing the MH’ for psilocyhin) is ~tof 
present after photoirradiation. the aquisition of 
preliminary lamp off TSP mass spectra further in- 
crc;Lscs the specificity of analysis. 

For actual sample analysis the chromatographic 
system reported by Borner and Brenneisen [29] ap- 
pears to be viable. The reversed-phase gradient sys- 
tcm which was used (containing ammonium acetate 
buffer and methanol) would be expected to be com- 
patible with photoirradiation and diode-array UV 
;md TSP-MS dctcction. Borner and Brennri~en 1291 
showed the homogeneity of the psilocybin peak 
front ;i mushroom sample by oscrlaying upslopc. 
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PSILOCYBIN LRMP OFF 

PSILOCIN LRMP OFF 

L ~ PSILOCYBIN LRMP ON 

\ ~ P S I L . O C I N  LRMP ON 

N, 

2 4 B  2 6 8  2 8 ~  3 2 2  3 2 2  3 4 8  3 6 8  
. . . . . . . . . . . . .  N n v e l e n g ~ , h  ( r im)  

Fig, 7, UVspectraofpsi locybinandpsilocinbe~reandaflerphotoirradiat ion.  

3 8 8  4 8 8  

apex and downslope spectra obtained using a diode 
array UV detector. 

Limitations of photoirradiation 
The two reactor coils used in this study lasted for 

150 and 80 injections, respectively, before develop- 
ing leaks (approximately equal injections for each 
detector), It has been previously reported that fluo- 

TABLE Ill 

MASS SPECTRA {THERMOSPRAY IONIZATION) OF PSI- 
LOCYBIN AND PSILOCIN BEFORE AND AFTER PHO- 
TOCHEMICAL REACTION 

Compound 

Psiloc~-bin 

Psilocin 

m z (relative ahundancel 

Lamp off Lamp on 

211511001 2851181 391141, 348(3), 301131 
3|I11131. 28314). 240141 
237131, 22t(100L 2tq(t7) 
2 | 7141. 212( l t ). 21151301 
203(39). 19215t. t91191 
t90(3L 17~(5L 177151 
16715L I6,11141. 162126} 
1281361. (26It'll. 125131 
It8112L lift14). 11418) 

205| |001 266(13), 247(g). 235{51 
2211311. 2IO(IOOL 217(51 
212131. 205(391 

ride liberated from PTFE (polytetrafluoroethylene) 
tubing during UV irradiation causes the tubing to 
turn brittle and eventually rupture [30,3t]. This 
problem might be alleviated if ice-bath cooling is 
provided for the lamp and the KOT assembly [31]. 
Another possible factor contributing to coil rupture 
may be the back pressure generated by the TSP ap- 
paratus (4.4-6.1 MPa), since the PTFE tubing used 
in this study is only rated for 3,4 MPa. Working at 
lower flow-rates (e.g., 0,7 ml/min) would signifi- 
cantly lower back pressure --although at the ex- 
pense of TSP detector sensitivity (approximately 
2x loss), However (as shown in Fig, 1), there 
would still be sufficient generation of photopro- 
ducts for routine analytical analyses even at this 
lower flow-rate. Alternately, use of different lengths 
and/or internal diameters of PTFE tubing for the 
KOT assembly could maintain or increase sensitiv- 
ity even at lower flow-rates, 

CONCLUSIONS 

Continuous on-line post-elation photoirradia- 
tion followed by diode-array UV or TSP-MS detec- 
tion is a readily performed technique which results 
in significantly increased specificity of analysis, Al- 
though flow injection analysis was primarily used to 
acquire data for this study, the approach presented 
is applicable to HPLC with post-column analysis. 
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The UV and TSP-MS data obtained are highly 
complementary. In addition, the possibility exists 
for the direct coupling of the diode-array UV and/ 
or TSP-MS detectors with a high-pressure-rated 
UV flow cell. 

Additional drugs of forensic interest which un- 
dergo changes in either their TSP-mass spectra and/ 
or UV after photoirradiation include morphine, co- 
deine, acetylcodeine, heroin, lysergic acid diethyla- 
mide, phencyclidine, N-hydroxy-MDA, fentanyl. 
noscapine, quinine, diphenhydramine, phenacetin. 
acetaminophen, antipyrene, methapyrilene and nic- 
otinamide. Further applications can be reasonably 
expected for analysis of, e.g., penicillin, sulfona- 
mide diuretics, herbicides, stilbene derivatives, vita- 
min K homoiogues, explosives, foods, inorganic 
anions, amino acids and proteins: in all of the latter 
examples, photoproducts have been previously re- 
ported using either fluorescence or electrochemical 
detectors (see above). Ballard and Grinberg [32] are 
presently investigating the use of flow injection- 
photoirradiation-TSP-MS for analyses of benzo- 
phenone, heptylphysotigmine (used for the treat- 
ment of Atzheimer's disease) and the immuno-sup- 
prcssant drug FK-520. Finally, diode-array UV 
and/or TSP-MS detection may be used for contin- 
uous on-line monitoring of photochemical reac- 
tions. 
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