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Ahtract-Tk deactivation of the lint excited !S(m*) stxtca of N-xrylureth~~ (produced upon irdation with 
UV light) by emixaiin (tIurcrcence), cbemicpl reaction (photGrics reunaoemeat and fnemeatxtw. CnwY 
trandatoqueochen,radradiPtioakastraaJtioastogrolmd~tripletrtrteaia~~Aryhaethants 
exhibit tlwraccnce (A~-295-35Onm, +,mW2. ~,=1-6~) xnd pboxplmacenca (A,m370-410~1). The 
vTkationa of tbc quxntum yields of the thlomcePcc cd of tbc pbot&ri?a mmangmcnt of N-aryiunh by 
Subxli~& xad solvent!3 Itc k?s&Xltielly due to vxfiatiow’of the late mllstantx for the f&cmiollk.as praceam. 
muorwanCe sod pho-Rics nxctions can be qmckd by difhmion.coa~ energy trmxfer to diphtic 
kams. Quenching is accompxnkd by ms~n of tbc ketone 5uomccnce. The umhmc fhmescence md 
photore.x&mmxyk~byxromatichydrocubolla. -Illcreaultaofxntheqnenchinsxndsensitizabion 
e~~demonrtrrtethttbe~F~~otNary~thraaproeeedvLtbefitstcx~~8~ 
of ibc mtlmllcx. 

N-Arylurethanes react upon kdiation with UV light 
mainly to mment and fragmentation products: 
aminobenxoates and at&es. I-” 

The mechanism of these photo reactions should be 
similar to that of the photo-Pries vent of 
carboxylic esters and amides, which has been in- 
vestigated in a large number of papers’* since its tirst 
observation by Anderson and Reese in l!&O.” But up to 
afewyearsagotherewasnouniformviewaboutthis 
mechanism and only the CIDNP investigations of 
Adam,‘. the tIash photolysis experiments of Kalmus and 
Hercules,” and the gas phase photolysis experiments of 
Hammond and Meyer” and Shin&a” have settled the 
probkmtosomeextent.Accord&totheseaudother 
availabk evidence, the photo-Pries reaction of carboxy- 
tic aryi esters and amides involves the cleavage of the 
O-CO or N-CO u-bond in the first exited singlet state 
forming two free radicals, which either recombine in the 
solvent cage to form the rm products or escape 
outofthesolventcagebydi5konandreacttogivethe 
fragmentation products by H-abstraction. 

Altln@r the photo-Pries reactions of N-arylurethanes 
have ken extensively studied in a phenomenological 
sense, ‘-‘I there is only limited information about the 
nature of the electronically excited states involved. In 
the present paper we deal with the latter problem by 
absorption and emission spectroscopy and by kinetic 
investigations of energy transfer (singlet quenching and 
sensitixation). For the 6rst time, we will report the 
observation of tluorescen& and phosphorescence of 
N-m, their tlumescence lifetimes,“ as welt as 
the quenching of tluae~~nce’~ and photo-Fries reac- 
tions by ketones. 

W absotption and emission of N-arylunthonu 
The UV absorption spectra of N-arylurethanes exhibit 

twockactaisticbandsinthcrangeof~~nm, 
sllowingtktypicalfeaturesofthespectraofsubstituted 
m. In the case of N-phenyhuethaue in cyclo- 

hexanemaximaarefoundat274nmwithanextinction~ 
coe5cknt of ldt mol-’ cm-’ and at 233 nm with E = 
1.7 X lti 1. mol-’ cm-’ (Pii 1). Polar solvents cause a 
siight red shift of 3-4~1. Electrondonating substituents 
in the aromatic ring exhiiit the same effect (Table 1). The 
values of the extktion coe5cients and the solvent and 
substituent effects clearly sueeejt a 71~7. character of the 
first excited sinqkt states involved. 

N-Arylurethanes exhibit a rather strong fluorescence 
with maxima between m and 350~1 (Pip. l), quantum 
yields in the range of 1-5X lo-‘, and lifetimes of l-4 
nanoseconds dekrmined by single photon counting 
(Tabk1).Polarsubstituentsintbearylgroupandpolar 
solvents shift the emission to longa wavelengths and the 
tkescence quantum yields and Lifetimes downwards 
(Tables1and2).Thaeisafairlygoodlinaucorrelation 
between the lifetimes and the tl uorescence quantum 
yields, showing that the 5mrescence rate constants (1) 

t = &/rr - 1.2 x 10’ s-’ (1) 
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PhNH-COMO 273 314 390 PbNH-COW 265 318 4lob ii s 

PilNIi-cooEt m 257 400 im 75 ii 5.6 15 p-MecJ4NAcooEt 279 aI4 103 16 ii 
p-Emc~cooEt 261 319 li 
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pclcJ&NHcooEt 283 311 
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p-MeocJcNHcooEt 290 318 94 
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m 326 405 79 0.8 0.3 4 1200 
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23 0.86 0.61 

:3 :: 

w) 

Diethyietba 1.3 0.44 0.31 Dioxalx 2.2 i.1 14 ii 
AcetoM 1.8 20 1.04 0.34 0.23 3.2 11 540 

0.8 0.7 0.46 0.111 0.10 3 9 1XtlI 

are e8sentiany the same for an compolmfls in an solvents 
stusai. 

Thus the suba~ts and polar solvent!4 perthhly 
enhpnceontythL?rateumatantaofradiptioadesstmll- 
sitionstoground~andtTipletstates~)(2). 

b+t,~(1-~)/7,~~...,10X1d~-‘. (2) 
By introduhg polar rubhtuents amI in polar solveuta 
theStokes-sbiftsrai3efrom3000t07000cm4in&athg 
incnX3@ dihuEes between the geometries of the 
excitcdsiagktaadgroundstates. . . 

TheeM?+aoftbeGotranaWM@3calculatcd 
fromtbeabsotptioaandMore8cencedataarebctwccn 
95 and loOkcal q ol-’ (Table 1). in polar solvents they 
may be lowesed up to 10 kcal md-‘. 

ThephoapboFescemxspectraofN-aryhethanuat 
77K in Imethylpenta~~ show maxima at 370-4lOnm 
(Pi. 1). Singiet-tripkt splits of 15-25 kcalmol-’ (Table 
1)onccmoreh&atearar+chacteroftheexcitaI 
states invdvat. 

Photo-Rim mxt&ns of N-ary&t~honex 
In the case of N-phenyhrethane (1). which we have 

studied in some dctail,~ rbcnlahnactionprodacls, 
uponhdiationwithalow~suremercmyarcuo&r 
nitrogen, are ethyl o- and p-aminobenzoate (2 aIMI 3). 

Fttrtk we have found the by-prohch urethane 
OOEt). formaniW dipbenyhrea. N4Manihe, 
ethylene, metba~ amI a polymer cunsisting of anilino 
andamhhuWeunitswithamokcularweightof!JOO. 

Tbeseproduc&canberationalixedbytwokomoiytic 
s&ionroutea,tbcmaiuaaethroughckavageofthc 
NXO bond (Scheme 2), the 0th through ckavage of 
theO-COboML3 

‘rae unrse of tbc reaction may be followed by UV- 
apecWWpy(Rg.2).~growingbaIuiat~29Onmia 
fgUt+‘oC~yIp9mmobmmatc,thtat33OMlto 

armnobenzoate. 

&.nm 

Fii 2. UV apcctm if N-pbmyiurethuw (1) durinp imdiboa at 
Wnmiacyclobeune~~.[l~-1.0xl0-‘molI.-’. 

eocu 
I 2 3 4 3 6 
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ThequantumykldofthL?photo-Frksnactionisin- 
dependent of the wave kngth of the exciting UV light. 
Thus f&z amounts 797 (ti.05)X lo-’ at 235.254.265 as 
wellas28onmincyclohexaa?EatXP,Mkatingthatthe 
only chemically reactive excited state is the 5r!Jt silt&et 
$1. Sz forms S, by rapid iuternal conv&on. 

The quantum yklds for tlE disappearance of the 
urethane1andfortheformaGolloftbephoto-Pries 
products 2 aod 3 in several solvents are shown in Tabk 
2. They decrease with &easing ability d the solvents 
to form H-bonds with the wethaw’ As the lifetimes of 
theexcitedsingletstateoflfallintbesamedirection, 
the rate constants (4) 

~+k,=(&+&)/ri=3.2xltis-’ (4) 

ofthephotoreactiCMlcalculotedaccordiqetoScbeme1afe 
not in&nccd by the solvent and tk observed low 
quantum yields in polar solvents are compktely due to 

l+hv-+‘l* 
‘1.. 1+llq 
‘1.2 31. 

‘l&l 

4 
‘P-2 

‘l&3 

‘,*4.4+polymer+s+6 

incrcasiItg rate c0nstanta of the rsdiatiwkss pmceues, 
kd+ktu, 

)h+kbs=(l-&-#J/R (5) 

starting from the first excital singkt state of the 
urethane 1 (Tabk 2). 

Inthesecakuhttknsthebackreactiontothestarting 
compound by recombination of the radical pair formed 

from the excited urethane is enclosed in t and lb and 
L,tuetheoverallrateconstantsofformationof2and3 
from ‘1’. This formation cccors. in several steps via 
duo&ion of ‘1’ into a radical pair and recombination 
dthatpairto2and3andalsoto~startiwcompound 
1,“sothatthelastthreereactionsinschellR1maybe 
rephwdbythoseformuktedinScbeme2Inaformer 

‘1’ 5 phm + tooJ?A] 
b 

[PhNH + &IOE.t] B 1 

4 
lPbm+tooEt]-b2 

comm*5 we have estinmtal that quantum yields 
~dtbebackreaction,suppos&thattberecom- 
hiMtionsofthefadicalpeirto1,2and3aredetermhEd 
bythespin&nsitksintheanilinomdical.Thecakul&d 
ratecolt!%tantsacc&ingtoscheme2ushlgthesevaloes 
arelistedinTabk3. 

In comparison with other photo-Frks active aromatic 
compounds, like carboxyIic aryksters and alrb4Jxylic 

s- exhibitaratbcrhighpbo~ 
CXwctumwiththisEdsocontriuyto 

c&n&c daivatives, the tluoMcence quantum yields 
d N-aryhmthmcs arc much hi& so that their 
Wcecanbedetected. 

@nch& ilnd sauitiz&Jn expe?iments 
Luordl!rtodeci&whetbrXtbephotofauXioncccur!3 

fro! !he _excited singkt or tripkt states, qoenchinft and 
sewhxatwn experiments have been done. 

The flooresceoce of arywethanea is quenchal by 
oxygen. If quenching obeys the WVolmer Equation 
0 

n-HexMe 3.0 092 79 2.4 3.8 240 
Dietl’* 0.27 1.8 29 

0.63 0.14 8 1.8 4 1200 

‘4 = 05 x 10-z. &4 = o.Bx 10-Z. 6 = 0.13 x lo-2. 

Tabk4.Q1~mch&oft&duonraaaofNuylumthrow by OXYWI iu penmae 
at?(r 
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quenchingrateconstantsk,canbecalculatedwitb[QJ= 
(021 - 2.0 x 1o-3 mol I._‘ in pentane (Table! 4) They cor- 
respond to the diffusion rate con&ant of 3x 
10” 1. mol-’ s-’ calculated by the simple Debye quation. 

When tbe photo-Pries reaction of N-phenylurethane is 
canied out in aerated and deaerated solutions, no 
influence of oxygen on the quantum yiekis can be detec- 
ted within the limits of experimental accuracy. 

Other typical triplet quenchers of suitable energy like 
1,3-cyclohexadicne (Er = 54 kcal mol-‘), 1,3pentadkne 
(3% = 57 kcal mol-‘), napbthakne (Er = 61 kcal mol-‘) 
also do not tiuence the photo-Pries reaction of N- 
p~nyl~~e and other carbonic acid derivatives, in- 
dicating theat the triplet state of 1 is not involved in the 
photoreaction. 

However, the reactions and the fluorescence of &se 
compounds are quenched by biityl, acetone and other 
aliphatic ketones. Quenching of the photo reaction obeys 
the Stern-Volmer Equation 7 (Pii 3). Bimokcular 
quenching rate constants b were calculated from the 
slopes (&J and the independently measured lifetime 
r. = 3.8 ns (Table 5). Their values are &se to t&e 
predicted for the diffusion rate constant in cyclohexane by 
the simple Debye equation. This good CorrtspoMience of 
diffusion and quenching constants opens the possibiity to 
determine lifetimes of excited states by the method of 
energy transfer. 

Obviously, the diffusioncontroLled quenchin of the 
excited uretbaaes by aliphatic ketones takes place by an 
exchange mechanism of singlet cnefgy transfer, because 
the low extinction coeibciints of the nw* absorptions of 
the ketones rules out a long-ran8e Fccrster resonance 
mechanism. 

Tbe efficiency of quenching may be influenced by 
solvents and substi~n~ changing the SI energies of 

Table 5. Qmchiog rare constaots for tbs pho*Fiies reac- 
fion of N-p&ct~~ in cyciohcxaw at W 

_ 

E 
292 

E 
279 
212 
200 

:: 1.0 

7.8 :n 
7.5 1.1 

10.4 15 
6.9 1.0 

No quenching 
No m=hb~ 

is cyciobcx?ine: kD= 

donorsandacccptors.nusthequenchingrateconstant kq 
for Ph-NEt-COOEt by acetone ia c clohexane amounts 
only 0.3 x 10% mol-’ s-j vs 6.8 = I or 1. mol-’ s-’ for Ph- 
NH-cooEt. 

The fluorescence of aryluretbanes is quenched by 
alipbatic ketones and diketones in the same manner as 
the photoreaction. Quenchiug also follows the Stem- 
voimer Equation (Pii 4). The resultiag quenching rate 
constants correspond to those obtained in the pho 
toreaction. For biacetyl as quencher k,,= 
7 X la 1. mol-’ s-l ’ CycloIlCXane 
10” 1. mol-’ 8-l in n-pZne at 2fP. 

and 2.8x 

According to qn (6) quet+inp of excited N-pheny- 
lurethane should be ~~WQW& by tke formation of 
excited sin8kt states of the ketone quenchers, In fact, 
N-phenylurethane is able to sensitixo the biacetyl 
fiuorescence. The reciprocal sensitized biacetyl fluores- 
cence quantum yield linearly depends on the reciprocal 
biacetyl concentration. 

4 -!- =l+ 
Qu2l 

‘(6: ellkiincy of biacetyl (Q) fluorescence from ‘Q+= 
quantum yield of unsensitized biacetyl Suorescence). 

2.0 

(5 x 1C’ mot I-‘) by diphatk ketom in cyclohew at W. 



Ftomtheslopearateconstantofk,=8x10PI.mol~’s~’ 
is obtained for the singkt-singk4 energy transfer in 
cyclohexane at W, again in 8ood agreement with the 
quenching rate con&ants aheady mentioned. 

Tabk 6. Energy uaasfer lad selfqucnchiug rate constants iu the 
arem sensitized pbot&&s reaction of N-pbenyturethane in 

cyclobexanc at F 

Thus these identical rate constants determined by in- 
dependent methods demoostrate that quenchin of 
urethane tluorescence and photorea&o by aliphatic 
ketones occurs completely by singlet emaey transfer. 

In accordance with this statement, the phot&ries 
reactioo of arylurethanes and related compounds may be 
sensitized by singlet energy transfer from aromatic 
hydrocarbons (9). Compounds with S, levels of higher 
than 101 kcal mol-’ like benzene (E. = 106kcalm01-~), 
toluene (106 kcal mol-‘) and p-xylene (103 kcal mol-‘) 
are suitable as sensitizers. Tetramethylbenxene with a 
singlet energy of lOOkcal mol-’ does not in5ueoce the 
reactioo. These results are in good agreement with the 
O-O-level of excited S, state of N-pheoylurethane, 
which has been calcuhued from spectral data to be 
E. = 100 kcal mol-’ (Table 1). 

!3msitizer 2 * 10-9 k# 
* 1. mol-’ sWf t 

BemIx 5.1 6.5 230 33 
Tohteac 5.8 20 31 4 
p-Xykne 6.1 1.6 2.5 4 

‘In n-hexaae.” 

The kinetics of the arene sensitized photo-Fries reac- 
tions are complicated by self quenchiqg of the aromatics 
(lo), in particular of benzene. A kinetic analysis of the 
measuremeots is possible. 

strated that the photo-Fries reaction of N- 
pheoylurethane proceeds via the Iirst excited singlet state 
of the urethane. This S,(plr*) state may be populated by 
direct light absorption or by energy transfer from excited 
singlet aromatic hydrocarbons (9). It may be deactivated 
by photAissociation (Scheme 2). singlet eoergy transfer 
to aliphatic ketones (6). and by radiationless transitions 
to ground and triplet states (Scheme 1). 

-AL 

hfatmia&. The N-myIuretbaaes have been described in the 
prcvio~~ papers. Before use, aU corn& wwc PAM by 
repeal crystallization from petrolctbex or by vacuum dis- 
tiWoo. Cyclohexane was pitied with HNO,fH#O,. washed 
with water, dried with CaCh and dktilkd. 

Tbc bydrocsrbom were dried and distiikd carefully. The 
ketoaa wm dried with CaCh and dktilkd. 

Absorption olld embsion spacfm AbaoIptioa spcctla were 
rec9rdedwithrUnicamSP8KtaadaUnicamSP8000Spec- 
trepk0temeter. The emitrIe0 spectra were measured with a 

(11) PerkiWQmer Hihi MPF-2A and Perkin-Ebner-Hitachi MPP 
4A. The fluorescence quenching 8tudks were done with a Jobin 
Yvon spectro6luximeta. The relative tlluuesce ace intensitk8 of 
thel&htlM8,WhidlWereObth?dWiththCMPF-2AdtllC 

Jobm Yvon spectrotIuc&eters, were corrected agaiast phenol, 
lmphthakoe, or &naphtbol.‘~.” 

(7.: lifetime of ‘S+ in the abseoce of 1. 4.: efficiency of 
photoproducts formation from ‘l*=quantum yield of 
the unsensitized photoreacti430). 

The reciprocal sensitixed photoreaction quantum 
yields linearely depend on the sensitizer conceotratioo 
and on the reciprocal urethane concentration. A relevant 
diagram for benzene as sensiuzer is shown in Fii 5. 
From the intercept and the slope of the litm the energy 
transfer rate constant k, and the selfquenching rate 
constant k, may be calculated using the excited are= 
lifetimes of Ivanova et CrL” (Table 6). l%e ener8y 
transferrateconstantsfortolueneandxykneareinthe 
order of magnitude of the diffusion rate constant (7x 
1oP 1. q ol-’ s-‘), whereas k. for benzene is more than 30 
timeslargerthankr, 

GmmaGng the results of all the queochinq and 
seositixatioo experiments, it could be clearly demon- 

“7r----l “7r----l 

I.1 
t/ 

0 2 4 6 F-Y-7-4 
idxlcr)U/mdrl 10-p mol l-‘/p] 

IQ. 5. %Mzation of the photo&Isa rwctioa of N-pbenyhmthane by benzene in cycbbexane at 20’. 
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For the analysis of the oxygen influence on the fluorescence 
quantum yields aod lifetimes, tbc sampks were degaased on a 
high vacuum line by rvmal freeze-thaw cycles. 

HJfomcencr tifuima. Tbc ai@et lifetimes of the aromatic 
methanesweremeasundwithaOrtcc920ONanoaecoodPiu- 
omscence !Spectrometa by singk photon counting after excit- 
tation witb a air-@ &ash or a hydrogen-spark (7 at hydrogen). 
Tbcliphtofthehydtoeeakmpwu~byaScmqnsrtzcen 
containiogcl~gas@oodtraosmiuanceat265_290nmandmaxi- 
mum titter effect at the lIuorescelK!e maximum wavekngth of 
aromatic urethaoes or at wavelengths, at which the lifetime was 
detected). Glass filters were used for samples which ab&xi at 
313Ml. Tbc impulse lifetime was 1.3nsec. In 8II cases the 
6uoresccncc decay was exponential. The euorescence decay 
curveswerecoKectedwiththedecaytimeofthellanosWod 
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lightpylw,n2wltbgthclifetimcoftbcaromatb0etlmnel.Thic 
~nwx8m?ceauy,ba!almctbetifetimcaoftbc 
compoundawerckssthrnSn#c 

Li& SOUEU and a-. A bw-pmune mercury arc 
HamuNNlJ/44Vgwu~rr214nm~n~farthe 
quenching mKl8ellsihth experimcntr of the pbotaerctioa. 
AcehMewaxlwalrr6ccux&yrctinometer.~Inxucuaof 
q& tfM ~ comX&&n (lo+-10-Z molh.) 
gumnotitltxttbcdonxtorabsorbaxlltbeli&Incrcer,wbcre 
bothduimtorDaadxcceptorAxbaarb.tbclight&sotbedbytbc 
donatorat254llmwMevahmtedEcufdhgto 

ThephotoclrmJccllnoerionwaacuribdoutinr3mlqMttxceIl, 
whidlchowaauwdfofthemarnnmentoftbcpbotocbemial 
turaovar (fomlltion d the ortbo phatu-Fhs producb). The 
solutbllwMstimXiwithr~hg&a,wtl&uttbcMmc 
conMtrationoftbcl&mne8ndtbcpbotoprodnctrw8amain- 
txincdinauprtxofttlecell.Tbcquxnmmyieldxfortbc 

urcthlE @) &MCKXXC by Lctoaa (A) wu detcsmbed by 
mcaatuilg the St&y-state &8SiOUilltGlt&CSdDiUtbD~ 
sellcealNliatbeprcrcnceofA.Itwxxxlway8cusMalfor 
trivhlxbaorptionbyt&rceptaxttheexcitiugwxvckagthmml 

zeretbe 
comcporrdisexb&mDce~fthercapbrattbawxvebri&nl 

&xsionwMmoalto&TbtquenchgmeulKe- 
mentxwereanicdoatiutwodiEc?eotmanwx: 

(l)Righta@iu~Tbc~mMlemiuh~ 
wasconactedford=l/2ceDk@xndthemstbrPewoce 
trationswere8mall.sothxttbcextiQ&oExttbeexcitiug 
wavckogtb of 270 lull wxa 0.3. 

(2) R&x rmrma. llhhpowwMinmu@kof3rrto 
t!hcexcitingliglltxodtbeihlmluhwiedowwutbe~. 
fzomwhichtbcfhmfescencclightwasrccuhd.Tbeuretbam 
conceotratiollawercnrertathninmetbadl,t&lightwxt 

cil leugtb of 0.1 niiwxsn7. 
The nrultr of measurementa by botb methods were idmhal. 
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