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A B .gTRA. CT

.,studie sof thl- the rnai switchin:lg f-perj.- te oS 51,* 71 -dlic orc°-6

eguixraun onsanNi tre2Lenohtaixfd for all.proccki ee NC1'

in both e-thanol arid toluene over a fexpr~~er gom C00 G,

The tho rmnodynarnic pretrafor these proce s-vs sJatt* EM caXc ulhtc-&

~honomenological equationas describing Q.photoch(rnical switching

processeS. of this cornpouind haea C derx ived and appearw..At# verified

by-trexperimental data, True quantinII efficicn cie s for both .. opening

and ejoping processes o~f the spiromiran, king {i4s a Xiil4ba

4obtained.

The photochetrical, thernai and spectral properties of seven otber

photochromic compounds W nvet igated in toluene soaluons at 2O (I.

There appears to be a considerable variance in important p.Arameters

among the different compounds,

Over two hundred compounds of the indolinobenzospiropyran

structure were subjected to standard testing conditions ivqP'q r to obtain

a basis for evaluating their relative sensitivities The data obtained from

this survey indicate a few structural features which improve or diminish

the sensitivity of the compounds.

The photochromic behavior of a benzo- - naphthospiropyran

c6rnpound was studied in a series of solvents and in several film-forming

materials.

Mathematical discussions of a flash-tube activated photochromic

filter system and self-.attenuating photochromnic filter syst-ms are presented,

Studies. o.f the hydrochloride salts of 6'-nitroindolinobenzoapiropyran

conciusively denonstrate the existeice of both an open .nd closed form,
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1, INTRODUCTION

The photochromic ipi ropylans are a group of organic compounds

characterized truc trafly, a5 the name indicates, by a pyran ring which

contains a spiro carbon (u ually io the posdion ortho the pyranic oxygen)

and functionally by their ability to undergo a change of color in solution

under ultraviolet irradiation, Figure I is the fructural formula of a

typical. photochromic spiropyran, specifically 1, 3 , 3-trimethyindolino-

benzospiropyran, or BIPS.

i iure i

CH3

There are several families of photochromic spiropyrans which are

differentiated by the particular ring systems joined by the spiro-carbon

atom. Within each family of spiropyrans it is possible to piepare an

extremely large number of individual compounds by placing various sub-

stituents on the aromatic rings. Further variations have been obtained

(in this particular family) by replacing the methyl groups at the 1 and 3

positions with other alkyl and aromat ic groups. Analogous variations. are

possible in the other families. Considering the large number of variations

possible in each family of photochromic spiropyrans and the number of

families (over ten families have been prepared and evaluated by NCR) it

is apparent tat there are potentially many thousands of photochromic

spiropyrans. Over 500 spiropyrans have actually been prepared and

evaluated in the NCR laboratories and from this work, ban cora1 a number

of ganeraliations relating basic structiuroe and substituents with photochromic

properts. ',iThese generalizations will be pre.sented below following a. shkort

de scription of the photo.1-hromi c proce Ls.

All photochroiic spiropyrair; thus fas prepred are crystalline

soido and are gene rally vei'y lightly colornd varying fromn White Lo pale or

Ineroim green ge1e(hougb son-me highly colored covnpounds have bean prrpar -d)

Whc . 'Jpiripyran if dirdvcd x. a low conentration in: a.y of a wrj,

.. I
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va vie ly of orgaic solvenoi tile re sult ing s-ot in is wvate r white lo slightly

colored, depending on the conce iai hon -*if~d the particular compound.

Ir radiation of this solution with ulti'aviolef light i mn-kediately producies a

deep ccin fajiot. Figure 4 show .-; the a bso~tion spe ctria of a solution of

a typical photochromic spiropyran before and after ultraviolet irradiation,

At ambient ternperatir s thtq coloration 'i fade, due to thermal energy,

to the original colorless solution which canrlibe recolored bly ultraviolet

radiation again and again a large number of times. After some number

of such cycles the solution gradually becornes less and less responsive to

ultraviolet radiation, uimultaneo-usly developing a reddish-brown color in

the faded or decolori~ed state. In addition to being subject to-the'rmal

fading the photo - colored soltition can- also be decolored, to a greater or

lesser extent, by visible light. This light -era sability of spiropyrans varies

greatly from compound to compound.

The above discussion has been restricted to solutions, though the

evidence indicates that the spiropyrans might be also photochromic in, the

crystalline state. H~owever the photochromic process is much more pro,-

nounced in solution than in the crystalline state and for the presently

considered application (eye protection) solutions are much more appropriate

than are crystalline filmrs. This is particularly significant since good

photochromic properties have been demonstrated in solutions ranging froma

solid, solutio~is (dry polymeric films) through viscous polymeric solutions

(1Aininatcs) to very low viscosity aolu'ions (solution1 Cells) in the comn1ion

solvents,

The expLanation of the phiotochromnic procesa currently presented

by the mnajority of the workers -in the field is as follows. The spiropyran

moleculo normally occurs as the structure I in Figure 3. In this- fort th e

Bpiro..carhon atomn hotds the planes of the two ring systemB roughly perpenk-

dficula-.r to each other,; effectively isolating the nrlectrons of the separate

SytO11 5t)nilz ren O tricding light zrbsorption to the ult raviolet region of ithe

spect m in

---igurr 3
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On absorption of a photon of sufficient energy (from incident ultraviolet

radiation) the bond between the spiro-.carbon and pyran-oxygen is broken

giving strurture II. This structure is no longer restricted by a spiro-

linkage and can assurrie a planar configuration. The conjugated system

is now extended in length to include both ring systems with the result that

the molecule now absorbs electromagnetic radiation of lower energy

(i. e. , visible light) than before. Structure II can now be assumed to

isomerize rapidly into any of several structures (only III is shown) analogous

to merocyanine dyes. Although a rigorous proof for this "open structure"

as the colored form of the photochromic spiropyrans has not yet been pre-

sented. there is a body of supporting evidence for it and very little contra-

dictory evidence; for instance: there is a striking similarity between the

absorption spectra of merocyanine dyes and the colored form of spiropyrans;

the water-organic solvent interfacial tension undergoes a significant lowering

when the organic solution of the spiropyran is irradiated and colored; the

thermal decoloration process in general follows somhe combination first-

order kinetic steps; etc. The important point is that this hypothesis has

been-of value in understanding and improving the photochromic properties

of the spiropyrans in the past and should continue to be valuable in the future.

In addition to being photochromic the spiropyrans are also thermo-

chronic since a thermal equilibrium exists between the cc. ored and colorless

forms of the spiropyrans, (see Figure 3). Usually this equilibrium at

ambient temperatures is far to the colorless side and, as the temperature is

raised, slowly shifts to the colored form. The speed at which thermal

equilibrium is reached is, of course, increased as the temperature is

raised. As mentioned previously some materials have been prepared which

under ambient conditions appear to have the thermal equilibrium shifted

far toward the colored form.

The purpose of this research is to obtain a detailed knowledge of

both the photochemical and thermal switching mechanisms of spiropyran

type compounds. If this is accomplished, compounds could be "tailor-made"

with a view towards their intended use. In particular, a detailed a-priori

prediction is needed for the optimum chemical system to be used in a

reversible eye-proteciive lens element.

The results of this investigation are contributing more information

as to the molecular and optical factors that will affect the performance of

-4-



Such an eyoe Ispratec tinel de\'icc. So VIr L) t Iit t. rl r ipci r ta nt cori v;i ra tion4

aren listed brlIow:

I c. I O'in ent i r ra diIn I I I'liv iY Itcn:. it I)! dhe ac trvo ticig

adia io should he I p In rt1 Fetg , a ny s ys tern s_ i t appea rs that
the limriting factor is the r 'ire "tr which the tight can be pux'nped

Ilnto the systemn. The q nty f the irradtiacing be amr in4 of

equ~al inmportahce., The 'spcctrnrn. should fie -i-mited to those'

regionls where the Colorless n rncification absorbs- and switch.

efficiently while the colored form does rnot.

(), Molar absorrtivities - While the ojpen form sho-uld have a uniform

high. extinction Coefficient throliglout, the, visible xeio it Mold

also have a low extinctionl coefficient in that part o.)f ultraviolet

where the Activating radiaition lsi ccjincentrated, !The 6pposlte should

be'true, of the- Clps'ed (colorless) form. Te4ctrum-of ail idcalizd4

photoch)romic :dykx is s hownilbelow, in 'Fgure.

Colorless Species

1 --- Colored Species

L0 OU 400 500
Wcovelens'j1h (niP)

(3J) Ontufln effict:ienc lop Dt., is as' irnportanrt for thef: (1uantum -yici.

(if thr. hack reactionl (colored! he ores io beirnali a it

iF; for the quanituin yield of the forward r caution to be large.

This is because the fraction of the speecics tibat is colorco. at

th': ilito&iS. anat'y i LtO de1penT-ds upon thevt J f IOt



(4) Thermal ra.cions - It is n c.ssary that th, thermal fqu-librinm

constant strongly favor the coJor'elc forr othe;rise the Corn-

p000' 1 Ivill Color in the dark. '1'he absolute xnag'ntt.de of the

individual rate constants are also of import.ance., If they arce

too small the sy tem will essentially be irreveraille and if

they arc too large' the thermial falde rate night be rapid enough

to prevent any effective coloration,

As far as i'i known,. none of rt l. compounds presently available

embody all of t "acteristics desired, not ar e the'strutural require-.

Tney.ts. for such a compound known. It is. felt that the pvimary-purpos0.of
this. work is to attempt to correlate structure with properties in order to

obtain the o'bjective of silect iv synthesis,

The Investigation pr6ceeded alng. two different, but relatad,

approaches. A survey wag. Imade. of tbe spectrAl, thermal and switching

properties of a series of spiriopyran type cornpounds. From this semi-

quantitative evaluation.the effect, of certain specific structural groups on

soM specific property (i. e. fade rate, sensitivity) has been noted. Un-

fortunately, however, no Important generalizations concerning the overall

effect of structure on the properties of the compound could be obtained

from this approach. Also, the basic mechanisai of the switching processes

still remained an unknown factor,

In these measurements, the photochemical switching "efficiency"

that was measured was the optical density at one or more wavelengths as
a function of radiant energy absorbed fron a flashtube. While this is

indeed a measure of the practical switching efficiency it leaves many

impo.rtant parameters unknown and gives little in-formation from which

ex.rapolation to other compounds can be made.

The second app).'oach, therefore, was an attempt to determine the

detailed mechanism of the switching process. It was felt thata profitable

proce(dce would be to study one particular ciornpoucd in great detail° Then

vith the I-c uiquc, d,.hveloped, atid some genteral infori'ination obtained,

othcr particular compounds could be studi..-d in areas 01 specific interest.

While slpiropyrans are noted for their individuality it is still felt that

sorncimflpoi'tkni~ft gl.! r.'ali S i otis might ari, se frorn an intensive study of a

At prl-sf:-it, NCP1 hasyuthes.ized mome than 500 spiropyra'i type'

iolocels, The (torn-po-tod chose, for i ntensiv'c 5tudy W. §, std -di.ch-.o-5..

-.roit ni i ctl ih, enmos. pir,.:yran (Y , '--di cblo o .61 - nit o B.PS)., Air oon

• -6( .



texperatecthe colored. fo-ry of tiii3 comrpound iroetaitively stltumS

iirr~ifyinlg the sop imaa t-up for rate studie-s and rnaking very

acco1Zi.ic neaureyetof Uw cxt-i'ction Coefficient of ti-i ta j.unentI

k1 it'rd formIu a possiilitiy, The photoebeini cal o~witcIhing flOchaie-fl "-.IJA

suIrely be. ea.,ier? to iter j-et underi thop ie conditions whets thermyal) effecta

a4 1-e sml hscmon Aabe prepared in the solid stifle in either a
j u re colored or pare vincol.o'ed crystalline fojrtit. 1'hiri com.)rpound J,'iro

rapidly di~cc'or s.vAt en it al bsorbs visible light thais -rnakink hbWriting1

and e racing Yneasurements possible.

The the rtal switching behavior-of thi'scnpn'dhsbn

determined in both a polar-and no4Tjolar, solvet ~:(ethanol, .ad *to lnene) at

several temperatuires and the basic paramneters (rate Cuzlants, equili-

brini.i constants, activation s-hiergie s, entropies, Otdci ),haveo been dacerinilned

for each atthe' ro e 6es thht 'takepl, e TiphsoftetuYha
essentially been -completed. 'A kinetic mecatm hti consistent wt
all tiicrx-a ,switching behavial,.- bhseve hfllteh been postuatd

for both ethan'tic and tlcipbuihsof 5 , 7-dlchlbro-6'.--nitro nIPS.
This -Is' described in equation (I) -and.()

iy~~~ c ~U, (ehn) )
14z

slow), . (fas6t)

U (toluene) 2

Where U, and U?, represet two distinct c olorless J3IPS speciesB in dyniamic

equilibriumi with the cdiored modification of the IAIPS, C. A. large part

of this report will be devoted to analysis And discusisionb'f thiS proposed

thcr ina rX1nwc ha rii s u,

T~he phwu'niaprope riljes of thi0s comrjou rthvecntiue

a mo re( difficult study from both the cape riinenrtal andcl theor.etical point o--f

v-iew. Smnall purcentagefi of it-uontic'-s in the solvents insed appe;arz to

alffect the sw itching prope r~ts tbties in tilt- deteco Cirr'ui.s-: of

the nstrmnmntciionAt IO a ppearl to carlse iJorne inaccu)"acies inl theina a-t 5

me o;. ovetibe itp~o a uurae vt uss of qulan turn 0fic iCc -AoA h:I'eenl



ubt ired Phnonerolgi atcquia.~ons ciescribn thejotchrii.1

e wit chit e, process have been tIe rivcd, ;-md a ppear to be en sirme-d by thle

egperiirtental data, The detaile-d mechanism of this prc).Eess, howvever1

is - still tortle-orni ung.



1'14i-YRMAJ, B1EFIAVIOfl O.Y',7'-D.iu)C 6'.- NITRO mlUS

U.1 icsci ofl thermal switchinf"Y. If pue- Ct rd5,7

divrt- 6'-nitrz 3 PSi dsi.-Aved Yapidty in etha.-nol and the ahso rhance,

at 11-iC vt stibl pecak is followed with tume there is oibserved aninitial fast

clecF!oloration) which is follo'wecl by a decolorizatjcen to a finial equilibrium

State whose rate is iuch slower,

The slow decolonization obeys a first--arter rate Law. Tlie, is

fexpressed in equation t3).;

In. (.AAeJ -kst+K. t3)

A aborbance o~ooe~rtta selected wave length at time t.

Ae"~ equilxbitn. ablsorba, (bsorbance-at t. i

k f'rsitorder 'rate conistant.

K5:= intercept of plot. Atj= Iln A 4-oAe)iwhere.

A -0extrapolationm of fs o rdex plot to absotbatice at t

It Mhould be e'Mphasized that A i s not. the actually obtained
p-C0

'absorbance at t 0.

'Tbe initial fast dlecolorization rate also a pproximates a first-order

rate law as followss

In (A -A ) f kt* Kf 4

*A The absorbance of colore d fo rmn calculated from an extra-
P polation of the first-order slow-rate plot.

kf Virst-order rate constant for fast rate.

K- Intercept of plot. Kf . In (A -A 3,where
* True absorhbnc at t - 0.

*It should be pointed out that certain liberties are being taken and

equiatio ,n (-1) iri niot a true first order plo t. A is not a trite- equil ibriurri

Val ,ue 14" A' doe .s change Very slowkly At snOa S t' ~ sve Coin,-,az red to thc

change,_ in A. A is (1005idrci'IC a ySId tjihiif A~C

T-ero aIre soe vrl phlysical systern-s th-att can. give kinc-0crtsutts.,
OSJI'3 d (tIt 5d611on Looses the pro~per ratios amg the rate constants

jIC ul 73 tIie ore.t t p I one Cuvrf4)(it,~ioi Ct;tn ileiA

stul rd ihe w fii- st prom-ionto two Ino - iir tAd' etep., At



low lnprlresThc cxi stone~vr of several c--onfiguprationi iscicre:s- of

the. open (co]lored) Cornifo r saint' of the npireipyruns ham been ciedec

f rain spec ti-a_ rincl photccchernical evidec cmr byt'sch i.. 1, z~ MolecularV

ino la; ijat of i he si' confijgurd ions indicated that several of thorn should

he ste ric-ally stable3  'lheretre it wan at firs t belicitted tha the fast

andl slow reswet e due to the decoloriation of different colorLed speciCs.

Possible equations for such reaction mcabirss would be:

C,

u (5)

C2

U(6

uzz~ L

Where C1 anid Cz indicate two differept openl formi configurations

and U represents the closed or uncolored forth. (It ist known that there

is both a forward and back reaction as there is an equilibrium rotor at

infinite time.)

The observed kinetics can also be explained by the postulation of

two colorless species reacting in the following manners

It tursdut, that the latcter- postulate can adequately explain AU 1:

observations -while the post-ulate of two coibred and one uncolo)red sp.-ecies

cannot.

TPhe. rapid recoloratioki of the BIPS, after light erasgure, an.Y

affect, that is des~cribjed in detail inl so :Ctions, 2. 2 ,andj? .2, IC) , is tiw

key obse ratio that necennactaLes the: pcocftulation of moe 0T tl- ono1 colo(3rless"

-An ruiPar ticipatin g in the tecaloClun r- The 11ostr sig'iificant

fiu-. ablxi these se e evatboos is Vii tters As a. cocianc to ant optical

dvii l ]iy thac. rn;~ly beaic ' of. a1I3 in tude grctev I than" t -he trItecci ibnur

ab1) so; c c, If it is as ucued ticot ticisiesc tcmortlma cffct in: an itegral

prtc t lce Or~ 0.~ ic-de lwrav,; A, voils-c ofo 5 out,,,'er~ ?-di'j

in-



,iki!ro BI.5S dien ilk auny h.i)ttic eC hLiin- that Can accouiot for thi s

behav ior at. I '.i, t two oI.J I(t ijS loi- J-- n)nu;3t .-n poi tul~zted The mechani Sin'

dCe -cribed b{N (CH i I i( )t 1 ,4, k6) i r i Inacli-.iac- ;I s th-y canm t by an y.

ri.-asorung pe iryi a recot ratioin to a. level greater than that of the equili-

briurm color. The 'nchpinism described by equation (1a) which postulates

two uncolored forms-i is in fact the simplest scheme by which the recolora-

tion effect can be included in- the general thernal kinetics,

It i.s generally agr,,ed that one colorless form (lz) it; the closed

spiropyran molecule, This form is predominantly present at thermal

equilibrium and is also assumed to be formed from the erasure of the

colored species with visible light. This closed form does riot have any

Configura;ional isomers but could, in theory, have two optical isomers.

These optical isomers have not as yet been resolved, but in any event one

would expect. their kinetic behavior, to be identical under the experimneital

conditions thus described. .'

'lierefore, the second type colorless form-i It) is' in all prob..

ability.osbme chemical species quite distinct from the normal closed

The f liAvlng posgibilities exist for the formation of U1

UI) th is formed during light erasure and is ini actuality a lofig

lived excited state.. (Thid excited state then reverts into the

colored and-Ua forms of the BIPS giving a recoloration effect. )

(2) U I is originlly present in the solid colored form.

(3) U is forrned.rapidly in solution after colored form is

dissolved i. eth'anol at room tomperature.

F -"The following theoretical considerations and experimental

evidence give strong indication that only the third possibility can be

correct.

Possibility (1) is doubtful because excited states in solution at
room temperature generally have haltflives in the order of milli-to nano-

second.s, while the half--life of the recoloratin , process is approxim.ately

4 minutes. Also, such an excited state would be expected to have some

absorption in the red region of the spectrury14. In actuality the uncolored

form, when measurcd immnediately after light era sure, does not absourb

jAbove 430 n,



Pu sbility kZ.) is (:Iim n ated for the fulloing6 ip reaisouKs A

-.anple of colorvtd -T, 7 - diciduro --0' -nitro 131PS which wats dis1olAvted

in othanol at dry ice -acetone tornpera tnre a-nderal -_1 111c sayne- temn-pora-

ture did not: r'&.oior to any exteiit, even whan raised to roorn terntpc,.atare.

O~n the other hand, it the solution %,as cbs solvced at room. ternpe raturtO and
erse a dy c-ethao teiperature, recoloration wotl.d take place

when the solution was again warmed to roorn tempeiraiu.-re. .Thio indicates

that the specie tat. recolors is; iormod durin' h ouinpoosa

roorn temperature, while' at dry ice-ethanoi to rperature this pr- oess is

too slow to form any appreciable an-ounts of U1~.

The ultraviolet spectrurn at -0 C_ 'of Colorless form that wa e-
takn aterligt easure of colored form dissolved at roorn ternerture

differed slightly, but nevertheless significantly, 'fribm the ultraviolet

spectxul: at-800 C of colorless form obtained from light Orasuie of

colored form dissolve.d in ethanol at -80o C. These-spectra -are show'i

in Figure 5. This fact also supports the proposition ha U, is fdrmed

during and immediately after the solution process at room tempevature.

The first-order rate condtant for the recoloration after light

erasure is identical, within experimental error, with kf (The first-ordere

rate constant for the fast thlermal fade). Also the pseudo-equilibriiim

constants are the samne. (At 20 0 C approximately 10% of the colored

species disappears during the course of the initial rapid therm-al de.Odora-

tion. This is equivalent to the observed rapid recoloration, after light

erasure, to approximately 1 /9 of the initial coioi. ) T'his would sugpges t

that. thle fast fadle and the recolovation atrear sincultythe

same- kinetic process approached fromn opposite sides of the pseud-o-

equilibrium point.

If puire solid uncolored 5', .. iclro6 nitro .13fl?5 (IJ?) i8

disoled in etha nol the~re its a gradlual rise in the optical densily of

the colored peak uotidt a true thermal equilibrium iSreheTi

slow coloration obeys a .it-re raeLAW .n has A. rate coneta uf a id

OC11iIi bri unl con eta;ni tbat, wiihbin ep inualerror, is; [cza o h

Of the tlow depor a ' ~ocF Ir; 'Therefore- it aoe e ol i

that the slow thert-al iaode and the slow coloration -)( inone lt n id to rmo ma11y

w0-.1 Ia- fi-- -. anic lone tic poesiapproacwzug ". t ue eni ii. -
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In sunmary, the'mioforo, all kinctic and , o :tric

obsevati0ons mad to date. can be ex.plained by 1. s.3nlning a color or

open form of the 5', 7' -dichloro-6' .nitro fIPS in dynarnic equilibrium

with two uncolored spccie,. One of thesc species (lU) is almort surely

the norm.] closed spiropyran, iootecule which is forned by diaoIving

the solid pure uncoloeed form, by the slow thermal de coloration of the

colored form, or by erasure with visible light of fthe colored species.

The other uncolored spec~ies (U, ) is of unknowo c;;nstiiution and is formed

as a result of the fast thermal decolorr.Lion. The rapid recoloration
effect after light erasure would be due to the pseudo-equilibration of

U, with the colored ;pecies. The slow coloration of dissolved uncolored

form would'bs due to the true equilibration of all three species. Although

the actual mecha:nism may, in fact, be much more complicated, the

mechanist7 proposed is the simplest one which is completely consistent

with bur present body oi experimental data.

The ther-mal fade of 5', 7'-dichloro-6' -nitro BIPS in toluene

fbllos, afirst..order raite law from start to finish and is therefore -much

simpler than th-n.ethanolic systems. In toluene the following equilibration

reaction takes place,

U(2)

Therefore the slope of a plot of in (A-Ae) vs. time (t) yields

the rate constant for the reaction since

In (A-A 0 ) -ktt+ In (t -Ae) (7)

k ficst--ordor rate constant, for thermal

equilibration in toluene

: ' 1%)



As ha ; ben shown, the postulate of the dynamic equilibrium

k, k3
-  C Uzkz k4

is consistc nI ",ith qualitative and semi-quantitative observations con-

cerning the kinetics of the ethanolic system. In this section the mathe-

rnatical expressions for the rate equations will be derived and it will

be demonstrated that, within the limits of experimental error, the

quaintitative observations are also consistent with the proposed mechanism.

The following rate equations describe the proposed kinetic systems

- -(k, - k3j C : T1 +L k A UZ (8)

d = k, C kz U, (9)

dU2 k3 C -k 4 UZ (10)

Where C, U1 , and U2 are now concentrations of the various

forms at any time t.

C + U , - Uz = T (1)

Where T = Total concentration of spiropyran present.

The solutions to these equations are straightforward, although

tedious, and can be expressed as follows:

I k7 t 1 t)

C - (kz k 4 T+ Aek Atek t (I)

-15-



A & ~}~+ A,.Ai 4 1\(%b (13)

Aher 21. 4 X0  N'Ir

-. P. Y5  Y' k7

and k6 &C-kzk1 T X% 14 kjtfa..tk,Ua'r(k+k)COI

Y k6U t;'~ -k k T V'e

O 1~ 4:6 . 0 - kzk3T V0o k6 UZ 0

for 4 ~42 Z,5+ 4k)1 7(5-4V

kc6  k, k4 + kk 4 + k.k3; sr I M+ kjak 3 +kIt

Where G~j, U1 ..0 , and Uz- are the valuies of' C, 1U1  and U2 respectively

ait t -~0.

At large vaJlue, i of r: lic exponcnatta.i ttrrms apcahz amdth

c~ I ~I. L ri I In V .eCi' fo r thc tI IC Ce opc - $. C- S&VCi)A Iby ''.. 1 '( 1



1J ke- , T.

For any. [Act oi vaiuep, of tbe fikdrnna rate ckstat

an d initial UZcetrt3n, CO ~0, the o cstrtoeo C, U, ,andr

'Up. can be calculated fronm equatioi (12), (13), and (14) at aW~ytite t.s Thi-,

however, is a timeC consuming proccess- and therefare progr4mk h40 4ex ("'

signed for our CRC- Iozdb digital comnputer which trorn the iXput data ot.rAte

constante and i~~~nitial concentrations will print-out ,U adCt rdtiand

time intervals,

To date, it has not be"en possible to follow the chstige in orrttino

either of the two colorless forms &n a function of tirns nitcs the tno" gbo.rAnc

s pectrumn of V, has not an yet been resolved,. ad an actival phypical.aeparatian

of the specien does not appear fe~sible. T'he concesatrati~n of coidred form C.

can be deteemined Spec trophotonetr ic ally atainy time from its visible absorbance

and thius the ex' erkcnontal values of C can be compared with thorie calculated

from eq.(1)

lie Vales of lci , k?, kan wrotindnthflowing manner -

At eztrly tnc (uap to 30 minutes- for 51, 71 -dicinr-o-6' --ntro BURS) the fa t

Pto

Torocqr" V G C "I.

7fhw% 0 a Liri 'rrn~ynat larxgc crifu

k' C

'T,



1 qunn 18) hais the following solution 'changiMg concentrations
to bobne:.

l-(A-Ae) -k'3 + t + In (Ap-o-Ae) k3a)

where k' 3 + W4 = k (from eq. (3)
S

Thus a first approximation to k3 + k4 can be obtained fron the
dC

first-order plot shown in eq. (3a). At true equilibrium . 0 = and

Ce k'4 Ae

Assuming for the first approximation that U, is present in

negligible concentrations I- and k3 can each be calculated from the slope

of Eq. (3a) and from the equilibrium coloration via eq. (19).

Similarly for small values of t:

dC (20)
t= -k, C + k2 U2

Upon lntegratioa, and zubti ution -

In (A-Ap) 't -(k'l + k'z)t + In (A0-Ap-o) (4a)

where k'1  k' p = kf (from eq. (4)

Thus W1 + k'z can be obtained from a plot of eq. (4a).

A psuedo-equilibrium (or when A = Ap, or after approximately five

or six half lives)

C A A kZ

--p p- 0  -p

Thus from eqs. (4a) and (21) both k, and kz can be calculated.

The next step is to introduce the perturbation of the fast rate )n the

slow rate and vice versa in order to correct the values of rate constants. The

rate constants for the slow rate (k'3 + k'4 ) measure not only the slow decoloration

-18-



I! a I o ii IL I V o h't a !. IA il v t < e tc fit Yhe rapd y - .2qmiIib ration -be v'a

~ ed 1, ,~';il. 1xri f Coe~ 11zA ~ eofiorp ?qtutiioel4 )

Thtis for' every rnolecule'of C that, gdes to , approximately

1 k'? mol~ecules of LT, re-equil.ibrate oith C. Therfrif1' k1
4 is

i-he ratv. ineaukil d Irorm PIO- potf t~quation 't3a), then the 9 e cc rndl a pprp," -
i-nation m-ill fbe:

(k' 13  k"4 ) (kt' 3 + Wt4 ) k' Wk.3 +k' 4 ).(3

~w(k~k nay, be uiod in plots of exjuatjon-t4a) to.give fleW*
values'of A and'A' andtbus ge seo0apoi~in otefs

P
raecosatk tk k') ThIs iterative prrceescar. be repeated untl

tWe chanige in trerate cdns .hts-is insigni'ficn,*ttrs uta h
pArticular case -of the kinetics+ of 5', 6 !-PS hi eth nol -.

th fi6s o eod iteration is, sufficiet -

Thus;

(kS kt4 ) (kt" 3 + k?4) and (k + ka) (k' 4 k'2) to within the
error oi uur oxperimentsi Whe re k1 . kz-, kt3 -anid k4 are the values-.of.

the r ate constants used in equations (12), t 13) -and (14).
The m~athematical treatment of the.'rAte data can be a proached,

in another mannor. As has been previougly shown, k. and kg .(the constants
that appear in the exponential. teirno) are roots of. the qiiadratic indiciMa.

eq~uation. At 200) C in this particular case k 7 = -3. 6XIO4 min and

-, -1, 7x1 0 -1 iO , Ther(fore, at amall vahuefi of 6im~, ejuarion 12)

cawi u a;)prtoimatd in the follow;, nP r.3Iannr:

C (k? k~ P- A1I + A;,e L1 t

S fl' o r va-%L l auctI '.4 (j tzic C~ '- I.



A t: I; r; vq.Im Vsi _ t I me cq _ia tif(1?) ca.n be~ PV1 &~:it i I a
c f f e r~ .-n na ;w3- z ti fo I Iovs~

ince for la rger values o1 tim e eY ot

By appropriate substitutibns equations L24) and (2f) can. be

changed to a forrm where psuedo-first-order plots can bo rnad a nd rate

cntat L do z rnjined without uxii,. iterative appro'ximations.

It should be. pointed out that the mathematica l~e descrbe

aeposasible.,only. because. there is a significant difference Ith~~tso

the fast and the. slow therrrial reactio-ns.. If thn4a e rate a, w 6.4e very hieakly

the Sarne. it would ae: im-p' asibleI seaprate them -from rneasurefrento of
thcolored species alone J o~f theme rates 'were of differentvle

but of. the 'saine order of magnitude, first-orde'r plots would not give'

Ott 4ight lineb a t anty value o f ime.*: there are, in fact, certa .in spir~pyrdns
whtrh 'ield a contiftuous cuarved' Iin6'when plotteOdfor fiist-ord~dk Ineis

In cases such as these it would probably be necessary to obtain

the fundamental zate consiants frorn initial rate data. This ia~a

diffe.rential method and, by its very nature, would not yi eld valuesB f,

rate cohnstant as3 accurate as by the analytical iethods presently used.

It would also be very valuable to be able to c~nectroscopically follow the

change in concentration. of each of thC colorlf. ^S pccies With time in
'ad dition to that of th e colored fo trn. 'The techniques re quired for these

measurements appear to be qifte, involved,

Figures 6, 7, 8, and 9 show theoretical plots of -the theriiial

switching as a function cf time for various initial conceiatrationa of all

three ormr,. These plots were made from the output of the CP.C-IUZD

computer with the corrected valu es for kj, kz, k3 cafld h4 11"Cl a13 input.

Figures~ 6 and 7 how how an ethanolic solution. of pure colore.d form
fades with tirne. Figure 8 should approximate the 3-abid recoloration to

pseudo.- equilibrium .ifter litght eras urp, Figure 9 de mons irate s the

aJpproac.)it to true equili-briumn of a sic~ution initially corupo sod of pure~ Up.



t~
.. 0- j
e i~f *~) \O ~

~I. *0 /
'-4
C

-- C

0 .

" II ii
004

0
C
'N

*1'
4.4

4CJ~

V 4~JV
II *1

I K I
7 'I

0 'N 1 g

-~ -~ U £

C2 ~y*

.1 C) C) C) *,~ (~j ~)

Al



0 00 o

4114 44
Li

44 4

.14- 44
044C 4

e4 4
O4O9

54,1

L Lil



44

:00 -

ifC
kM

1 4 0 (



2

I I
-~ II II a

I U
U)

0

~0

0
Ii
0 - 0

0U C
-U

p

-o 1
U.

I.
H

C,
".1

/ \ I
-I

\1J
L..L4~~) 0 ~

a'
- 0 '-in

.24..



1, 7 n T~Iir, i~L -tnisi~ (;Ti vi t 4 .rrove y Di' Qa[,

K, F. j 4 11l (i)Ef. (1-~ iho Maus i \kxtv "3) ,).]iprais nr't

for carbon, ' ~entoe n bc hcz 1ea3uit are r: porte4

in Tabl. 1.

TAB.LE I

iElement CHN C

Analyzed %58. 5 3. 8 7,1186

Theor'etica 16% 58,3 4. 1 7. Z 18. 0

2Z. o~der phoo~jhs r X-Ray pwder photographs

were taker. of the following corrpcounds.

(.1) Colorless 5', 7-dichloro-6' -nitro BIPS (Uz) which *a a

first- recrystallized from isooctane and subsequewitly. from an. ethanol-

Uater mixture.

(2) Color~ed 5', 71-dichloro-6' -nitro .BIPS, which was prepared

by the i rradiation of a colorless solution of the compound under a Gates

lamnp and followed by an iimmediate filtration of thle i nsoluble colored-

form precipitate,

t3) Recrystallized, colorless 5' , 7' -dichl',ro BIPS: A n

x-ray powder photograph of this compound was taken to make certain that

any of the precurpors of the dichloronitro compound that did not undergo

complete nitration, were removed by the purification Oteps.

An examination of the developed powder carnera photographs showed

that rrrt in of th- strong ii~cs found o each compound were completely

abscnt in the photoygraphs of the other cornpoInds. These results'

indicate. that tho fsoliri sa'-nrphs are prubhAbly pIurel COMyOOMI hn orpnsAn

ii 1lsr I"I anl imprit.11y of ow in the othor it is, no preator th-,an Vl.-4%, acul

pro~ab3 y miuch Ic 1 The ' 16' vahie ~i for the vtrongest lImn cn the- powder

pho~~ ~phof th cthree conipoinnd e a ro iho-,v in ~e.~



TA ~i

L;1, 7' BJcd~o~~ toi4I! jColore&)

Strength ol Line I'd" value

5. Z9

3,3

3 3 73

4 3. 60

5', 7'- dichloro-6'-nitro BJPS {C !cr o r Uia

of Line "d" value

5.77

2 4,83

3 5.28

4 3.84

5', -dichloro BIPSCore

Strenth of Line "d" value

1 7.28

3.55
3 5, 59

- ;I6..



L. 2. 3, .-;lii e tatve analy. is ci 01 loved and cojorlfe ' qnropyr')is. -

O1nw C.( c'vkral ol~ethods dcisdfor 01crnrirjteet n:i

coeffi'.jen'f -4 at- unstable colored fo7. wa,; to analy7,e thet solids obtained,

fronti a scohxtion whoiic ab corb nc ati the visi!ble Xrnax. hadI juc ;t been

x ca sur c c, 1'hc salids wore to be isolated by immu-ediately freezing ankd

then freeze-dryirig the_ solution. In this way it was assumed that the

ratio of colored to colorless formn which exiatori in the aolution would

also be retained I)- the, solid, In which state conversion from one form

to the other couLr3 no longer take place. The material isolated in this

way Could' then be put into a KBr pellet matrix and analyzed for the

different components by infrared spectrophot ometry. Therefore, by
knowing the absorbance of the colored form and calculating its concen-

tration fromn the above analysis, the extinction coefficient could be

obtained,

A calibration curve for the colorless form was prepared from

two type s of saimples: aliquots of standard.9oiutions, and solid samples

dissolved directly. In both cases 3 to 10 MId. of soltition wag used. To

thiD was added Z inl. of a solution containing Z12. Z mg. /ml. of Potassium

bromide and about 0. 1 % KSGN. This latter nnate rial Is used as the

internal standard in the pellet, as will be shortly explained. To thesc

solutions was also added some exce ss water to precipitate the BIPS

and discouirage any phctochernical or thermal conversion to the colored

form. This mixturc wa the fri-e- in dry ice- acetone. (.sometimes.

with difficulty, according to the alcohol-water -ratio) and freeze-dried

to remnove the solvent, After freeze-drying for up to 24 houro the sample

was removed as a very fine, intimately mixed powder. About 350 Trg. Of

this mixture was Placed in a I1/V diamaeter KBr-pcllet (lic and pressed

uindter vacuum, and 20, 000 lbs. total load for I mninute, A pellet aibout

I mm. t hick wias obtained. The tpectrumr of thiis pellet was zccarined,

'Y n"Plicatu c Unts, froun lh. to, I § on an 11lnfracord'" Ie knEmr

Model 131 Spcctrophotoirieter, the pellet buing turned in iE3 n01C100l bflore~

the 'serond ,,can.

A coO venfie 0. crcthne j fm. adjusting I) 0Vn005to a em o

p.>tthi cVknc s nA.l_ -Icludc an internma]; st-anda-rd in the pellet. Thet YSCN

16ttl 0 tl J ci PO cpo haFe- an v rurhvcct ?050 I cm, anid is tcnsparll: n

-?7-



II gbu the ee t of thc e o Thc! we i3ht cratio (4 tbi , t!)c

Lo i11- h ~i. KB ' a' \vav E, Lhf qtto lwc au.e they~ art"~ W a.~ dil)0

logte. The oreof Ihc atio of zhe absorbax-cv of thc ;eil ~pcak
to that of the internal standardi peak should el-iminate rnacv syrerxiatic,

errors, Absorbances were obtained fromn the transmittance clurve by

the standard base line me tho d. The calibration curve iq shown on

Figure 10,

The precision of this method oi analysis wan found to be rather

poor. Even after several refinements in technique and standardization

of conditions the variance of 1 sigmia was about -6.Since it was desired

to obtain the extinction coefficient with greater accuracy than could be

obtained by this method, the project wras discontinued.

Potassiuam bromide pellets of pure colored 5', 7'-dichloro-6' -

nitro BIPS were prepared in a manner analagous to those of the color-

less form. The infrared spectra of these two species, in KBr pellets,

art- shown in Figure 11 and Figure, 13.

-2.2. 4. Extinction coefficient of the colorless form of 5', 7'-dichoro.

6' -nit-ra BIPS. - Solutions were prepared by weighin( purn colorless

sample. on a Cahn Elnctro -balance (Model M-10) , transfering the sample

to a volumetric flask, diisolvinig in the appropriate solvent and diluting

to the mnark a-.t 20 G. Ab.sorbance readings were made using a Beckman

model DU or DK-l spectrophotometer with constant temperature control

at ZO00 C. In ethanol, absorb~nce readings were made at. the ultraviolet

absorption n-iximnum of the colorless form-, 343 m o. In toluene, ab-

sorhance readings were taken at a plateau of the colozless form

tiptcUurn, 310 ir4 h following values an average of several runs

at different concentrations:

E Voir~el k toi'icc, 31 0 mj:) 59, 13(0 liter mole -
1-c

Scolo r)e si, e thanol, !43. ) i, 3 5. 8 0 0 ite r molie ICm -T

At slight tuyeteniatic errk-or might po ,isibiy 6k; ieffice , h

coo libri hon of the uacolo .ci IPS with t,,ornc c:olored fon , Thio elmilli.

bril] howcvt r, F" ca") Y f~avv'o:i the oo:l forn ill both of the siin

c h ~fn~eall ' con] nc ( form pro t3cnilc wouldr. Lot educe an) errnr

0' CWf t.L~an a lwc~ (,th~f a pw1 oe~t, whc Awllwti .tllew
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~this rwciof cotizentrationso used 5xi0 to 5XlO N4)

it aippncars diat lr~ .3 Law is obeycd.

2. 2. 5. Extinlction coefficient of the colore-d form of 5' 7' -dicloro-6'-

n-itro I3IPS.- Fourteen determinations of the extinction coeffic;.(ent of

the coloi-ed form of 5'! 7' -dichloro-6' -nitro BIPS were mnade by direct

absorbanc.e measurement of solutions of the pure colored form. The

solutions were prepared by placing solid colored form on the fritted

glass disc of a filter funnel, pouring absolute ethanol over ,he solid,

then filtering the colored solution under vacuum and collecting it, ill. a

beaker. The solution was quickly transferred to an absorption cell

and set in a Beckman model DK-l spectrophotomneter maintained at

20 0 C. The preparation. of the colored solution was carried oilt in dark-

ness to prevent the photoreaction (coloreci colorless) from

taking place. The absorbance of the solution was followed at 531 rnp

with time; usually sixty minutes. After sixty minutes the solution was
completely decolorized with visible radiation and the absrorbqaicO7pthi9,

completely colorless solution was measured at 2 43rrn., the Xniax.- of the

colorless form. The total Concentration was then calculated by dividing

the absorbance at 243 rng by the molar absorptivity at 243 m L.

The absorbance of the colored solution at zero time was determined

from an extrapolation of a plot of A 5 31 versus tinne. (Where A 5 3 I = Optical

dens4ity at 531 rn4J). The thermal fade curves were amenaible to extratpola-

tion because of their small. slope over the early portion of the fade. Zero

time was taken to be the time at which the alcohol was first added to the

colored solid. The actual zero time would lie betwee'n the time of

alcohol addition and the completion of the filtering of the colored solu-

tion, since molecules were being dissolved over this entire period

(Generally about 10 to 30 seconds). 'Vernperatiire of the solution during

p roparation and Filtering was not completely controlled at 200 C and some

slight changes in te luperature wtere possible during thr. first se-veral

ininutes of any given recording of A5 3 1 versus tirrie,. Using Beer's Law

thie absorbance of the colored form at 531 rri, at zero tirnt- wai then

ubed to calculw,'jc the extinction coeffic ieru of the colored form a.-t 531 rn:_:,



7
rhe solutions ranged in concentration from 5. 5xlO moles per

Liter to E Ox 10 rnoles per liter. Absorption cells of 0. 1, 1, 0, and
10. 0 cry,, were employed to enable accurate readings through the entire

concentration range. Neutral density screens were used at the higher

concentrations to permit measurement by a differential technique. An

average value for this extinction coefficient, of 3. 93x I04 liter mole' -

cM, -900 liter mole-i cM. was obtained. Over the range in concen.

trations used in these measurements, Beer's Law appears to be valid.

The extinction coefficient of the colored modification of this dye

was determined in toluene at the visible absorption maximum (594 mn)

by completely analagous pr ocedure.

e(colored, toluene, 594 rn)- 48, ?.00 liter mole crn1± 1000
-I -1

liLer mole cm

Another method of obtaining the molar absorptivity (extinction

coefficient) of the colored species consists of liberating pure colored

form by reaction of the hydrochloride salt of the open spiropyran with

a weak organic base. The absorbance of the free colored form is then

measured at 531 rn. The following experimental procedure was employed.

A 1. 0 cm. absorption cell was half-filled with 1. 5 ml. of an EtOH-

HCI solution of the hydrochloride salt of the open 5', 7' -dichloro-6'-

nitro BIPS in known concentration. To this was added 1. 5 ml. of an

ethanolic solution containing triethylarnine in excess. The solution

immediately changed from yellow to red. The cell was quickly shaken

to insure good mixing and then placed in a Beckman model DK-I recording

spectrophotometer. The absorbance at 531 rn was measured versus

time and the zero-time absorbance was found by extrapolation.

For two determinations the molar absorptivity of the colored

form at 531 mu(53 1) was 39, 300 1800 mole liter crn . This is in

excellent agreement with the value determined by the pure colored

iolution extrapolation technique.

2. Z. 6. Absorption spectra of 5', 7 '-dichloro..6-ntroBIPS in eli-anol at

20 0 C. The visible and ultraviolet spectra of the colored form and color-

less form (U2) were recorded in ethanol (U. S. i, , U. S. P. ) at 20," using a



Beckmxan mode). DK- I SD(CctV'Ph)tO'Tnete-r and 1- 0 cm, path. Ti.,e

colored solution was prepa ced by dis~colvingo pure colored formn ir,

cthaic.l and quickly filterng,. The ;pectre- were recorded at a mnedium

scan speed. The colored formn spectruin was recorded first ia:nd was

comnpleted nine mqinutes after ze'o time, (Zero timre was taker to be

the tinie w/hen the ethanol was added to the pure colored form-. ) After

the sroectrurn of the colored form hnd been recorded, the solution was

decolorized .vith visible light from an electronic flash a. sufficient num-

ber of times to make certain that very flttle U, species was present in

the colorless solution. The tipectrum of the colorless form (Ua) was

then recorded.

The colored and colorless spectra were re-plotted as molar

>.hsorptivity versus wavelength. The visible spectrum of the colored form-

(700 ni -325 rm;-) was corrected for the thermal fade with timne by

employment of the thermal deccloration rate-plot (gee Fi'ire 7). The.

remaining portion of the colored spectrum, (325 m". - 200, m ) was ob-

tained by dividing the observed absorbance at. any. giver. wavelength by,

the observed absorbance at 531 rn" then niultlplying-th6.rersi~ by 39, 300.

In the colorlbss spectrum the value ior the molar absot-ptivity at any

given. wavelength was obtained by dividing the observed absorbance at

that wavelength by the observed absorbance at 243 ma then multiplying

the result b~y 35, 80.- -The plot of extinction coefficient versus wave-

length appears in Figure 13. It must be noted that the colored -spectrum.

as plotted is not completely correct since slight chanapq i n opectrm do

occur in the ultraviolet region with time. These changes; however, are

relatively small over the nine minute time period,

Z. 2. 7. Thermal eqiuilibriumn measurements of 5's 7T dichloro-6' -nitro

indolinch enzos,;Er~pan in ethanol and toluene. - All. solutions used in

equilibrium studies were prepared by dissolving a preweighad quantity

of the colorless sp 1 ropyrar. in ethanol (U. S. 1. , U. S. P. ) or toluene

(reagent grade) in volumnetric flasks at 20(). F£than_'..c solutions were

placrd in a constant temperature bath in complete darkness at the de-

sired termperature until true thermal equilibrium was established. A

portion of the solution was transferxed uincer dark- roomn conditions fr-om-

33
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thos tor O xssl to an absorption c,!il of appropriate path- lengh

s: tuated "i a controkled t ryeeeaturc cell holder. Iht- cell biolder w-ae

placcd in- a BecknaL Modc:el DK- 1 6pecti'ophotozneter where the absorbance

of the equ4libarurm soiulion wras measured at its wavelength of mr. xtmuyn

absorbanec in the visible ,-gion.

The equilibriumn absorbance of the toluenic solutions was measured
at several temperatures by the above method and at several other

temperatures by placing the colorless solution in the controlled tempera-

ture abcorption cell situated in the spectrophotometer and then following

vhc-absorbance of the solution at the wavelength of maximum absorbance

until thermal equilibrium was established. -

It was noticed that toluene solutions of 5', 7' -dichlorc-61 -nitro-

BIPS were being affected by some indeterminant condition. 'The abs-orbancu
of thesae solutions increased very slowly at times beyond the calculated

time~ needed for equilibrium to becreached. The equilibrium cc)na nt

reported here is calculated from the abs'orbance fAken at the'tird6 equilibium

should have been reached based on the knowledge ofteteMal. kittl's

for the system.

Since the toluene equilibrium greatly favors- the colorless Spec iss,

* relatively concentrated BIPS solutions had to be. used in ordertoe a

-measurable colored form absorharnce, In all cases m~easurements Were

made at m-ore than one BIPS concentration and the measured equllibrurri
constant was extrapolated hack to infinite dilutioni to obtain a more re--

liable value. It was possible to calculate the concentration of the color-
less and colored forms present in the equilibrium mixture since both

the mnolar absorptivity of the colored form at the visible X max. and the

total concentration of each solution was known. The equilibrium constant

is defined by the relation:

Concentration of colored form at equilibrium -£ulbimcntn

Concentration of coljorless form at equilibrium

is the ccquilib).iui constant ini ethanol and Kdenotes the equilibrium

cons tant in toluen-e.

-35-



8, U1 S a' C- a -rId C o ar S~~(J
2

le~~ u iye nmIen ItF ineiao 0n

I )nn.The as2!co]p~ dr~ cscribec bciowl can be

(i 210 into t'.vo ba i s i tc pi top

(1) Prepara tion of thie solution

I) Measuremnent of the absorbance change cf the colored

species at '-mnax. as a function of time.

Solution prepar ation - A sn-tall quanitity of pure solid col ored

f orm was placed on the fritted glass disc oi a Buchner funnel of

medim porosity. Solv ent was added to the funnel and the colored

.9olution was prepared as in section 2. 2. 5, describing the determination

of the molar absorptivity of the colored form.

Solutions were prepared at temperatures lower than 200 by this

rbethod by using a jacketed fritted funnel maintained at the desired

ternpe ratuire. Colored solution was collected in a receiving flask

iT-mersed in. a constant temperature bath.

At higher than ambient temperatures some solutions were pre-

pared. by placing the pure colored form solid on a 13 mmr diameter

millipore filter pad situated in a Swinny hypodermic adapter. The

adapter was attached to a jacketed hypodermic syringe containing soi-

vent at the desired temperature. The solven.t was forced through the

adapter and channeled through a wide gauge needle into an absorption

cell maintained at thie desired temperature.

in snnie cases an alternate procedure was followed, A color-

less solution of the spi ropyran was situated in an absorption cell in

a constant temperat-ure cell holder. The cell was exposed to thie radiation

of a Braun "Hobby'' Electronic flash unit or to a low pressure Mrrcury

arc larnp. At the completion of the irradiation t1he solution in the cell was

shaken to insure homogeneity of color.

eisurecnt oi the chanve in concentraiion of the colored sei&

as a. junction of timne - The concentration -If the colored spe~cieir

xn solatiof was found wo bet directly proportional to its absorbance. at the

'14in the vi ~ihle region, HF'encc, the chanige in concentration of colored

I C r I n wa s 0_ t S ii y c- owed by re co rdi np thc abs or ha ce a* the vircibie ?, max

c i;u s tinme. l.1 oases wh, mc color di sappcaria nce was fot. the reord -

-Vtg vis (OneI autonlati c:,' lIV 0 itci-1' a f3e c kTIInr mode i D)K-I s pe c trop~hO toiiVet-



or inool iDU spectrophotorne tei oquipped vith an eniergy reco rdinp

0 tuchnnent ',ElA). Whe re CCole r di sa ppea ra oce wv rela lively _-iov

Lnc han a day) Lhe ;solutions weore e LoreCli at conritaiit tonperatr' re

Ja rkiiusb and small portlions wuere reirnoved at intervals and Placed ill

the spectrophotometer where the absorbance at the I'll ax and the time

were recorded. Examples of first-order ratei plots for the fast and

slow decoloration are shown on Figures 14 and 15.

2, 2. 9. Fast and slow thermal color formation in ethanoL - A
fast thermal coloration was observed in ethanolic solutions of 5', 7'-dichlcro-

6' -nitro BIPS when colored solutions were ph&ao-decolorized. This fast

color formation presumably occurs as a result of the re -equilibration be-

tween U, and C following the sudden removal of C fromn solution by photo-

de color izat~ion.

lThe photo-decolorization was done by succeusive exposures to

an electronic flash lamp when the i-naximum concentration was present in

solutioiip i. e. at pseudoequilibrium. Th~e solutions used for these rn

were prepared as described iln Section 2. 2. 8 and some of them were

actually portions of the mother solutions used for measuring the fast

and slow color disappearance.

Immediately following photo- decolorization, the sample solution

was placed in the Espectropholorneter and the increase in absorbance at

the visible k max was recorded versus time until pseudoequilibriumn was

reached.

At 2000 the absorbance of the solution at the apparent equilibriumn

state was approximately one-ninth the absorbance of the original colored

SOlution before decoloration. The solution at the apparent equilibrium

state was then decolored in the same manner as the original solution

and its recoloration was followed at 531 rmi with time until it again

reached an apparent equilibrium. T1his valoue was approximately one-

ninthl the valueC of tho fis-r ooain qiiru borac or

approximately on.egtehot toe absorbancoe of the original pure

colore d soluticir, The prooccss was repe;1tod a thiird time after wh~ch

very l.i ti fast re cOloration ocrur red. A -ic henma ti tcli () f thip effct

-3.7-
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s i -ihwn in .F i u r T . he first-u),rd r ".te plot for fhin proct ' i:3

O ~~ in Y-igurc 17,

~ on maCv pcrA-net~tl dif)iiuity in this tyoof oeSu;c.nt

is tha.± in' c'rle t. follw the recolcvra6r.on OIfect ovvr a few cycles, con-

contrated swulnions mnust be used! initially. These solutions, however,

are difficult to erase because they are s0 concentrated. In addition

some thermnal recoloration occturs during the time required for comp lete

erasure. These conditions introduce an error in the determination of

zero *,',me for the recoloration process and an additional erfor due to

the erasure of somne JBIPS which has recolored after being erased by

the initial flash of visible light.

The rate of slow thermal color formation at 2000 in ethanol was

done by a different method and is described below.

The thermal formation of colored species from the colorless

5', 7'-dichloro-6' -nitro BIPS was measured at ZOCJC in ethanol by ob-

serving the increase in absorbance at 531 m L. at various tinmes until

true thermal equilibrium was established, This process is prirnarily

due to slow thermal equilibration between C and U2 (specified by first

order rate constants k3 + k4 ). The solutions used for -these deterrmina-

tions were freed of U1 and C, at the start of each run, by the following

procedure.

The colored species present in the original solution was photo.-

erased. The solution was then allowed to stand for approximately thirty

minutes permitting U, to reestablish equilibrium with the colored formn.

This process was repeated. several times until U, and G were pregient

in only negligible quantities. At this point the run was started and the

change of absorhanice at 531 rn was rneasared at various times until

true thermal equilibrium was reached.

2. 2. 10. Controlled formation of the Uio dification. -. Af, described

previousl.y, when colored fOrM of 5', 7'-dichloro-6' -nitro) fIPS is dis-

solved in uthanol a colorless species, li , is rapidly formed. This

rcaction obeys a first-order rate law and has a half-life of approxim-ately

four miniutes at ? 0(-'C. At thi5 teimpe.,ature, after appr:cxiirxat(Ay

-10.
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tljI:I ty-fjVe mi'nutes a state. of psiucloequilibriurn is reached between

C -dn U1  At~ ti-i :U tie the kinetIcL data indicatce that the conccnotrati.on

01 -1 s at a mnaximum.rn

A larve auantitv oi colored solution was prepared via the method

described in Section 2. 2. 8. and was collected in a storage bottle at 200C.

Six portions of the solution were taken from the storage bottle and placed

in, 10 in:.. volumnetric flasks, then stored in a constant temperatute Uath

at ?AJ0C. A seventh portion waE )laced in a 0. 1 cm. absorption cell

mnaintained at 200C in a Beckman rmode. OK-I spectrophotometer where

the absorbance change of the solution was followed at 531 mi,, continuously

for thirty-five mninutes. The portions in the volumetric flasks were photo-

decolorized at various times between zero time and thirty-five minutes

after zero timne. I.Each photo -decolorized olution was .permitted.to re-

color thermally for approximrately thirty- five riniutes, then the absorbance

of each solution was measured 'at 531 mp in a 1. 0 cm, absorption cell.

The total concentration of the solution was found by measuring the ab-

sorbance of the completely colorless solution at 243 mn.iand dividing,

this absorbance value by the molar absorptivity of the colorless spiropyran

at that wavelength. Three separate runs were made under darkroom con-

ditions, A sumnmary of the results appears in Table 3.

The data in Table 3 clearly demonstrate the fact that as the de-

coloration time increases the pseudoequilibriurn recoloration absorbance

also iincreases, This is cxactly what the proposed kinetic mechanism

predicts. The photo-decolorization of the colored solution immediately

after its preparation results in formation of a minimum quantity of U,

since U1 has had no opportunity to be formed via the fast rate mechanism.

Consequently, there will be a negligible rapid recoloration. in this case

since no U1 is present to reeqtiilibrate. Also, colored solutions which

are ohoto -erased at times intermediate between zero timne and thirty-five

mlinut-s sihould produce a quantity of U~j which in some manner corresponds

to the length of time the colored ormn was permitted to rernain in s3olution,

2. 2. 11, Calculation of true. first -order rate const.artEs and

equil'brium- cornstani - The Followving equations define the equilibriumn

cons tiant~ for '2ocoinred ,jjecieiz- colorless spccies equilibria.

-43-
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K [,, . Z¢ k)

K eq k ethanol) (27)

Ueq l.
2-e (toluene) (28)

where Ceq, U I -eq and Uz..eq represent the equilibrium concentrations

of the various species.

K and K. can be readily calculated from the measured equili-

brium absorbances ( see section 2. 2. 7. ). Kp is. calculated from data

obtained from the first-order rate plots. As has been previously demon-

strated -

Ap.0

The calculated values of Kc, Kp and Kt are compiled in TableA.

The values obtained for K C are quite accurate. As equation (21) clearly
shows, the calculation of Kp involves the subtraction of two absorbances.

These absorbances are, in this case, of the same order of magnitude.

Thus considerable error is introduced in this calculation, especially at

higher temperatures in which case A O is not much greater than AP.

The concentrated BIPS solutions that had to be used in the

eqoilibrium measurements in toluene contributed to the inaccuracies

of these neasurements. Under these conditions, impurities deviations

from ideality, and the extrapolation to infinite dilution calculations all

teud to introduce errors in ".td

The thermodynamic relationship between equilibrium constant
and enthalpy is 5 ( 1 On K = H0

P

wherc Rea equilibrium constant

standard enthalpy of reaction

H - a corastant

I' absolute temperature

_-45 --



TABLE 4

Equilibrium Constants for Solutions of 51, 7' -Dichloro-61 -NitroBiPS

Temp- Measured Values Values Calculated from inee
e rature o ures I, 2 a''nd 3

(0 C) K tx105  a X X X13  tclO5

0 4.95 4.68 Z.17

8 5.42 5.80 2.67 1.2-0

14 6.21 1.52 6,88. 3 08 1.50

08. 50 3. 57 2. 15 8.10, 3,57 1, 87

5 2.50 2. Z

30 10. 3 4. 78 .. 65 10.5 4.88 2,65

40 13. 7 5.43 3.33 13. 4 5.44 3.68

50 6. 72 5, 05 16.8 6.68 5.05

60 7. 82 21. 0 8 . 05 6.70

a - Extrapolated to infinite dilution.
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if-H iS constant ovcl, the ternperature range in qucstion,

eq'.uation (Z) can. be ilteglruted as fol)ows"

l1'eq - T Constant (30)RT

Thus a plot of In Xe, vs. -T yields a straight line with a slope of 6 H! R.

Figures 18, 19, and 20 are plots of the measured equilibrium constants

vs, I T. Table 5 is a listing of the measured values of the equilibrium

constants and the values obtained from the lines drawn on Figures 18, 19,

and 20.

The true rate constants (k 1 , kz, k3 , k4 , ks, and k6 ) are related

to the neasured rate constants (kf, k9 and kt) and the equilibrium constants

by the following equations:

k k, k (31.)

K _ (32)
p k,

kf

KP+ i(33)

and k = kf Kp (34)

p

k k (35)k3 " ice 9\ --- •

cV3 (36)

k, + Klk I 4  1

1 : r "" --.... .... . "( 3 78)p

(K 1< ) k5 K i)k
14 3 (Kp(38)

s ih c 1 C I > C  k X (K p 1 ) k s  ( 3 9 )

k, .. . ... .
kr (~4 0

k * ¢ = . 440,
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Temperature Dependence of X t

51, 7' -dichloro -6i -nitroBiPS in toluene\\ xt c_ _ _.
UA-eq- k.s
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9 Figure.ZO

Temperature Dependence of KCS60c C
5',7' dichloro-6'-riitroBlPIS in ethanol

T- Uz.eq k

501,C

41O

30C.

140 C
3-

0* C;

.03. 1 3.2Z 3, 3 3.4 3.Z L27

T (45)



Kt (41)

k,,
_ k . (42

tt
Kt"

Table S is a listing 6f the measured rate consfants at difierent

temperatures. Table 6 lists the calculated true first-order rate constants

at different temperatures. In making the calculations described in

equations (33), - (34), (38), (39), (4Z) and (43) the values used for the

appropriate equilibrium constants were obtained from the lines drawn on

Figures 18, 19, and ZO.

Zo3. Calculation of'the~rmodynamic functions from rate constants

and equilibriui6 constant,. - As has been previously demonstrated,5, A H1

for the equilibria can be Obtained from the slope of a plot of In Keq vs. I.

Since - AF -=RTlnKeq (44)

The standard free energy (A O). can be calculated for each'equili-

brium reaction from the'value of the equilibrium constant at a given

temperature. h °

Since - ASo (4)T

the standard entropy of reaction (AS0 ) can also be calculated. These

thermodynamic functions are listed for the three equilibrium reactions

at 30°C on Table 7.

The Arrhenius equation relates rate constant with activation

energy in the following manner -

k -A.exp E A/RT) (46)
orA

In k-=In A - A 
(47)

where k rate constant for reaction
r

E A :activation energy

A frequency factor



I'ABLE 5.

Meanured Rate Constapts for

Solutions of 5', '- dichlorn- 6' -nitro2lIPS

Temperature kf k s ktI.° ()sec. (1 sec. -) c

0 1.98 x 1O' 2.26 x 10-

8 4.43 x 10-' 7, 98 x 10 - 7

14 1. o x 10 2. 04 x 10 "  6. 37 x 10

20 3.06 x 10 -  5.58 x 10- 6  1. 55 x 10 - 11

30 1. 29 x 108 Z. 88 x 10 "5 6.10 x 10-2

40 2.84 x 10 "  6x10 4  1.95 x 10 "0

50 4.95 x 10"

60 1. 73 x 10-3



TABLEJ 6

Calculated 'i r at Orde r Rate Constants

for Solutions of 5', V-dichIloro-6'-nitroBIPS

Tomp- k ak 4k
erature

0 3.95ixI0-6 1. 63xdO4' 2. 74xld0" 7  5.97xIO10

8 6. 51xiO 3. 78xld0' 9. 3SX10-7 2. 503et079

14 1. z8xd' 8. 82x.104  2 34x10-6  7. Z3x10-9  6. 37x10' 9, 68x1.0- 9

20 3. 36,d0'4 2. 7ZxlO' 6. ZUdO" 2. 2440-4 1. 55X 03 Z. 9 ox1o

30 1. l2X1O'3 1. 17x10-- 3. 15x106 -1. 40xO-dO 6. 100- 1. 62xl0. i

40 -1. 98x10 3- Z. 64YJ02 -.4x0 7. 39410 7  1. 95,d0- 7.O6xlb07

5o 5. 25Sx10 4" 3. 5040-6

60 ~~1. 81X10-3  1 51

60 ~. 45-



TABLE 7

Thermodynamic Functions Derived from Eqtilibriurn

Meaarements on Solutions of 5', 7'-Dichloro-6'-NitroBIPS

Process AH °  A F* AS,

.......~e U ICAI.n~e mol~rcle)

UI-C 4 600 -. ,400 19.6

" (30 0 C; ethanol)

UJ" C 3,900 3,ZOO Z..
(30' C ethanol)

Uz -*C 6,100 6,300 -0.7

(30* C, toluene)
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Therefore, from the slope of a plot of In k vs.- th e
.activation onergy for the re~action (E ~nb ca'1:1ated,' while"
the frequency factor (A) can be obtained fror.) the intercept of this

plot.

Figures.21 through Z6 are Arrhenius plots for the six ra-te

constants studied.

From transition state theory it is known tha.t

A H. 'EA RT (8

A S. R In (49)

AF =A II TA S'50

where Al- H enthalpy of activation

A St = entropy Iof activation

At='free energy of activation

h =Planck' a constant

k Boltzmann constant

The value s of the lithe rmodynamic" functions are listed for the

six rate processes at 30 C on Table 8.



2 Temperature Dependence of k1,

(F'or reaction U 4 c o 51, 7' -
-dichloro - 61- nitro]3iPS in Jethanol-
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Tem~per~ature Depandelce of k.,

b'rr racton l. SlC of 51, T-..

0ihoo6-irBISi taid
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Temperature Dependencc of k3

-~F or reaction G - . of 5', 71 -
(dichlorn-6' -nitroBIPS i~n ethanol)

r.

C)

3. 0 3.1 3. z3 3.4 -32i3 3.'
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T..,verature Dependence of k4

Frreaction U ),Cof 5 e, 71

C

IUo
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Temnperature Depeyldeace of ks

( For reactio~n C-V of 5f, 7'
dichluro- 6 -~troJBIPS in toluene)-
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Fiure 26

Temperatuxe Dependence of k6

(For reaction U2 .of 5, 71.,
\-di~hlr6-f-ntroBflPS11- toluene,
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sotIution!F of r-, 7' d"c g ' I ):W" A ""o 1k"

k4  k

where U, and Uz represent ivo distinct colo ZIPSI 5 spe-ic i i 4ynamic

equilibriurn wiith the colored modit cation Qf the BIPS, C., In toIuene,

however, equilibration takes place by only one set of reactions.

k 6 .

One ekplanation of this behavior is the hypothesis that the fast

decoloration reaction in ethanol Is due to a nucleophilit attack on. the

spiro carbon atom of the-open spiropyran form by an ethanol molecule

Equation (51) describes this process,

CHH3

C) ' 1"

If equation (51) actnally does take place then the U forned would

not be expected to absorb in the visible since the conjugation length is

.hotened, It would also explain why in non-polar solvents, whoeo such

One could abso oxpect that t.}is eff~eet Co,1d be grc;-tly m.gified

by the addition of a base which wo.dd act a: a much stronger nuck1ophilic
agent than c'th;aznol.



ff e_; s roilg basp uh i.NaOT-1, MaO~I , is- adk-4 iox a

5~~it~1 ~i~eColor4("d BaYjji M in

roorn teitvpe Zu.zuJ' thcv ie ai bi -,4f:c Goor odp Idn thc C Olfc"Ikt)

itmiedlat.i7ly disappears leav ing~ a yr how aohltiorl. 'while at '-L0(0 C th:0

origin,'.l colored 13113 solutioox rerria.um unch-angod, The additioa of

water oir acid, to this yte~low solution rc-storeA the 8oliition to its.

origintal calor, This indicates that the calored (open) -modification of

the spiropyraii jt in somne m~anner bound to the ba-se but, since color is

instantly rene-w.ed wher, acid is added, probably still retains its fopen

coafiguration.

The yello-v liase _adduct, just described, does not appear to have

ay photochromic properties. Ultraviolet irradiation of the yellow

solution does not appear to change either the Apectrurn or the properties

of t .he'compound either at room temperature or at -80~ 0 C (t might I.M

- Assurned that a photochroiniic. splitting of the base adduct might not be

observable at room temperaturet due to a rapid recombination of the

base with the spiropyran, -lowever, no photochromic reaction takes

place at -80 0 C, a temperature at which the recombination reaction has

been shown to be negligible. if one is willing to assurne that this base~-

adduct has a similar structure to U, , then it appears very likely that.-

U1 is non-photochromic.

Figures Z7, Z8, and 29 are sketches of the various energy and

entropy changes that the 5', 7' -dichioro-6'-niitro BEPS undergoes during

its thermal transitions. Although the science of thermodynamics does

not depend on molecular structure it is possible to make somne structural,

!nte rpre tations of the energy and entropy values shown on Figures Z7,

28, and 29,

The energy or enthalpy should give a rough measiure of bond-

tjtrexngth andI ref1,onanze stiabilization. Theli eatropy is a rrieanre of the

ViOgnible COYIifgr'Ia J: ioO f the m-oleculJes or it can be looked tipon iis

r epr e m~eniing a stc-ric factor",

)ig ?7 :lernonstraies that in ethanol. U, atnd UZ have almrost

thE. !ndnytc eyxol.'fy vzicC i atehattnvrd(x foin g-tcl by



~A cmi Xcid/ , oc,~ ctivautiOn rnefLan~fgC eoaap'srat

20 -. i ich ; no t uaAr of O4 A hi

ty f%,

Figure , 8 shows the entrony retxtionlt-pa for the p.rock5es il.k

efianrol. It is i'mmediately evident that both taid C are of <.oflidta.hy

greater entropy than U1 ,. High entropy indicates o-,r e poasible mole-

cv.lar conf i gurations or less steaic hindrance. It therefore appeas.a that

the U, form ha considerable s.teric hindrance. If the U , meAcdification

actually has the structure as shown in equation (5.1) it i.o not unreasonable

to assume that things could be cramped around the spiro-carbon atom.

A fturther experimental verification of this structure would be to measure

the shift in K with butanol at a solvent and with methanol or EtOI - h1TOP

as a solvent. In the first case the stern effect should be even larger

and the eqailibrium should be ahifted toward. the colored species. In

the second and third cases the reverse should hold true.

It is believed that the colorless form (U,) consists of two -ring

structures joined at right angles to each other at the spiro-carbon

atom as shown below:

K3 C%

CNH

CHI

6$
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Figure U8
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11: i! thouge L tbm 1 the bond betwefvn the oxy;en ti.or in [h :cilg

Lyi.icna an.d the ep.ro.c.a . 't) .oI Opens to y~keld the colored fovi- --

Nl
H3  0

From a comparison of the structures of U2 and C a conclsiaion Maight

be reached that there are more configurations available to C than to U2 and

that C should be the' entropically favored species. An examination of Figures

28and 29, however, indicates that there is very little entropy difference be-

tween C and UZ in either ethanol or toluene. The following reasons are

offered in explanation of this fact.

1) The colored species (C) is limited to only planar configura-

tions. Any non-planar configurations would break up the conjugatIon

system and thus deatroy any visible absorption.

2) . The entropy change measured is that of the complete sys-

tem and thereforc the entvopy change in the solvent rmuot a.o be con-

sideed.Theco~rt~' fr!r~(C)im mnore polar than thc cle

apecleai (Tz). The soivent molecules would bo mo, re ,tronglyattted

to C rooleculeo than to moteculen of U;, Thls would rt~eult in a de-

ci:ao~tt-ic ii) ie pioedbl-, configuration, Of Ao uaat , witl. ai.l

-69-



ox'~or-t11dcc ar in enltropy of flt! sio]vent iololelek' WheY3l V1 -

Tis ill rcase etropy woldt he byonp r"IhlcCd for P1 the

runrof cotgntospousticIP to tit," Coloindi forfn Thu.,, ovor -

-Il result could correspond with the very srnal calculated eritropy

change.

It is irteresting to note that tht. tranwition state between C and Vz is

of high entropy than either C or U z * This phenomenon indicates that there

are more allowable configurations of the .iPS molecule immediately be-

fore or immediately after the formation ov rupture of the carbon-oxygen

bond than there are in the lower-energy vibrational levels of either species.

I n sun-nary, it may be stated that the detailed study of the thermal

behavior of 51 , 7' dichloro--6' -nitro Th1PS has been successfully concluded.

The information obtained should be of considerable value in the thermal and

photochemical studies of other photochromic compounds.

-'7 0



3. PHC)TOCFiEMJA.LA! STUDIES OX.- 5, '. -!ACHLORO6' 0-.1R 611

:.]Ills trtL .c 110t ioil to. qu.ti ttative photcohe ni- t.,o Auen~

Thf palts a dohwn onl Figpire 30, was disgned to tne-rto.t- tflEn

following furictiorist

(1) Obtain accurate values of quaritaun efficiencies

(2) Follow the increaso or decrease of cOoo continutously

as a function of time

(3) Allow for simultaneous irradiation anid readout

either at different or the same wavelengths

(4) Eliminate errors deto scattered or fluorescent

light

(5) Provide a cross-check on the light absorbed by the

reaction solution

(6) Insure homogeneity of the reaction solution through

efficient stirring.

The set-up is essentially a Beckman model DU spectrophotometer,

modified so that the sample can be irradiated by an auxiliary light source

while in a readout position.

The rnonochromator section of the DU has been placed onl a 6 inch

stand, thus allowing access to the under side of the cell compartments.

A 10 cm. cell compartment, placed next to the monochromater, frees

the reaction compoartment from the lamp housing., The reaction compart-

merit has 1 1/4'1 x 1 /21 openings in each end to allow for the entrance

and exit of excitation radiation. Contained in the compartment is a

thermos tatted brass cell holder which can accommodate two 1 cm.

reaction cells (4 sides optically clear). In the bottom of the compartm-ent

a brass bushing supports a shaft to which is attached a cylinrdrical.

mragniet aboutt 3/8" in diameter, which protrudes through the bottom of

the cell holder 'and is positioned alightly belowi the reaction cell, Ro-

tation of' this large mnagnet causes rotAationt of a eaial 'Tcfbn1 embedded

maPEt that fstirs thpe reaction solution.

1,11 optical trainl if- rlountnd on it st-nall optical berich pfcrpvndic-

ular to the rdotPath of the flU and cons is ts (A tbo lol lovi n components:

-7 1



1 J1 1h le ot Iorc e, ot 5 50 wtfatI itovi.) 67 3.A -10) eiu

;Sure_ I-Va -t'ct Icy a r ( containe ( in o v.atLer cooled 33ouv s i

(?A qiA '.rfz IOen 3' diarneter, 41' focal length

3)Afijtjtc for isolating the mercury liines

(4) A shiatter arrangement

'With the exception of the light source the components are 1"Onnted

in teleficoping tubing to exclude all stray light.

The cover for the gtandard cell compartnment (between. the

reaction cell corimpartment and the D. U. photoxuultiplier) supports a

rotating, cylindrical shutter which is connected through a flexible

cable to an identical shutter positioned at the entrance to the photo-

reaction compartment. The, shutters are driven out of phase with each

other by an 1800 RPM synchronous motor. Thus no irradiating light

enters the reaction cell compartment during, 7eadout and vice versa.

This system elim-inates errors in readout due to stray light caused by

scattering and fluorescence and allows readout at or near the irradi-

ating wavelength. Attached to the exit of the photoreaction compartment,

is an Arniico photomuitiplier detector which is used to determine the

total amount of exitation radiation that is absorbed by the sample.

3. 2. Filters for isolation of rnercay lines. - The 366 zn L

group of the niercury spectrum was isolated by the use of.orning filters

No. 7380 and .560. This combination has a transmittance of 0. 18 at

366 nm ,_and a band half--width of 22 m L.

The 313 M L group was isolated hy a com-ibiation of solution

filters contained in a three compartment quartz windowed cell phis a

corning glass filter. The following solutions woe used 1 5 cm. of

0, 1 78 M nickel chloride, 5 cm. of 0. 0005 M potassiumi chromatei 1 cmn.

of 0. 0245 Mv potassixtry biphth.aiate. Trhe glass, nilte, was a 3 mm, G'Ornincv

fiter NO. 986 1. This coml-bination has a tr?,ninittance of 0. :33 at 313 mui-

and( a band hal;if -width of 1 ?2 rull..

3. 3. Ac t~nornetric determination of fighlt inltensitiet., - Th'le

aIctinrylnet.Q1 ny-Aen u~d W;.is that desc-ribed by Flatchard anid Parke r

Rota um rio:a1~tc d:copo~e VAth lgh1t to give fevoisono
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A pjipr viotc aolutioim we k'e pr -,a rcd ai-v a calit.-ationt curve.

cor±otructecl fsec Figure 31) fwr the crri *peatrlu conrplex.

The Cxtiflct2it c,--ficieflt for the complex calculated from this data is
4

1. 107 x 10 lAter/rxole cm, at.510 rnit.

After allowing sufficient warmn up timne for the Hg larnp, each,

of iwo I cmn cells were filled with ?., 93 ml of 0. 006 M. potassium

ferio,alate in 0. 1 M H SO,6. Thie sample cell was irradiated for a

Measured time under conditions identical with those to be used on the

photachromic samples. 0. 51 ml of pbenanthroline-buffer solution was

addcd to each cell and the absorbance of irradiated solution was determined

at 510 mp on a -Beckman Model DU spectroohotomneter using the non-

irradiiated solution as a blank. The incident intensity (1) of monocbromnatic

radiation entering thte actinomneter solution iu given by the following

e qua io w:

1e 0 c{T P

where-

A5 1 0 Absorbance of ferrouis-phenanthroline 9olution at 510 mlL
-3

V Total. volume of actinomneter solution (3. 44 x 10- liter)

t Time in minutes;

g5 10 Molar absorptivity ferrous -phonanthroline complex
at 5 10 mii. (s 1, .070 liter mole 1 I cm-. -1)

Quantuin efficiency of ferrioxala-te at irradiating

wavelength. (T = 1. 21 mole einstein1 at 366 mps and

rp~l. 24 Trole cntj at 313 -t-q)

p Path length of irradiating light. (cm.)

I -' Inident i,~~e iof .rchation on actinormeter solixtion

I'rorn -ihis cptajitity the value of T(), that is ut,;erA in the va Le,

efqpations for ploov~socan be (;aIeuklaictl f1rim Uj; follovtifnc

nce hitionshlipa

ye,
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V Volume of DIPS iSolutior irraeliaed (A~ing Photo-

conversion kfioter)

The -ac tinornete r sy-itC in IMalachite green leacocyanide was als;o

used to obtain incident light intensities. In arl ethanol sholution this

material turns frorn colorless to green with a quantum yield of 1. 0

at 313 m4i irradiation. A neutral density filter (of measured trans-

mnittance Nvas inserted between the source and the sample to reduce the

radiation to a level where the actinomneter functions properly. The

calculation of incident light intensity is identical to that of the previously

described proceduire.

Values of light iratensity shown below, determined by these two

independent systems are in good agreement considering that the con-

atants used in the calculations for Malachite green oystemn were taken

from the literature and. not redetermined oin our own instruments.

Inc ide nt Light Intensity

Ferrioxalate Malachite Green L. C.

14 14
Run No. I Z~. 17 x 10' 4 Photons /see. 1. 83 x 10 Photons/sec.

Run No. Z. 2~.3 x 10' 4 Photons/sec. 1.971 xO POtns/sec.

3. 4. Solvent ab.so rptior& - n the determination of quanitumn yield it

is necessary to know the amnount of light absorbed by the reacting species.

Absorption of lipht by the col vent due to imnpurities or to thle inherent

elctonr~rutueof theC J4olvent mjolecuile munst therefore be takcen into

'2onside r-1on, To cieterrnine te absolu ii abso rpti on of the soh'Ieyit itse3(f'

jr-ircc tjonf toni st he- rno tie frj roflI(ections ;at the ccil i ~ndow inrte rfacef

and for the absor'ption of the coil wlidow;;



A ..A: lstVY a. :eil b) vhflig iw o. pr :.iJA1Th, qud ,.,t~, xi orw* , ,.x"tb_ the

a a nt of iucidence at 90L

qi .a r, 4, /1 ,-,,,, [/if',

The reflectivity at aii inmerface ist

,,,

Pij Q o (54)

where no and n, are the ref ractive indicies of tha substances forming the

interface at the irradiating wavelength.

let Z'. Total light los sen at interfaces up to and including j3

the , Z 3 (55)

wh ere Z Z (56)

and Z P .-- P -- 2 (57)

From the cell filled with air (empty) the light losses due to

absorption and scattering by thu windows (Zw) can be calculated (assum-

ing air to be 100i transparent.

Z I - (T +  ) (58)

w air air

where T is the xneasured transmittance
Using thin correction, the absolute transrnittances (.TA) of other

substanccs within the cell ,,nay be .:aiculated.

I. -r T _.4 ' , U59)

A 4 w

i'he data a nd results for theve colculations are compited in Tal;4e 9.

o77?.



TA'BLE. 9 -Absor.pioi (if Ligt by S3otvcnuts

.Light Vidow CA /i cn~x.

LOoene 'z', 5 k; Ab op-.ion (.Absolutre,
Sb~l, : r.t U, ( i cv, Z (10 cn. ) 7' 4 (Z T v , .. .

Quavtz L~-1 48 ...

Ai 1000 .136 ,842 .978 .022 1.000

Water 1.33 .080 .896 .976 .022 .998

Toluene 1.51 .073 .315 .388 .022 .410

3. 5. .Rate equationts for simultaneous reversible photochemical and
thermal reactions of BU')S compounds. z - Consider a BIPS cormpound in.

o ethanol or some other polar solvent being irradiatod with monochromatic

light of such a wavelength that photocheniical switching is possible. In this

system the following reactions take place,

k4 k2

c U (60)

As hias l te/ ' n, itioned pireviously, there is reason to bl:lieve

that tfl-re i; oo photociorij tr,.ns-,nation b.twjvn C and _ j a_-.

vice ve.:csa. . this reaction wer' c.-,ried out in ;, ron-.pola.r nolvent

whrre there it, io fast thev;nial ra-t, then instead of ziquation (1) wi- would

k5 ,,

.u II 1,(.....)..)... . u . f)



k-(R +. . I l 4C (61)

k.. k C .I U, + ,P lac laPi ,63)

and C U1 + ul T64)

WhereC, U1 and UT again reprosent, respectivelyi1;he molar concentration of

the colored and two colorless BI1S species (mole liter 1 ).

T Total BIP$ concentration of all apecies (mole liter-1)

t ft 113e (Min.)

kj, Ic, k3 and k4 are lst-order rate constants for the individual

processes of eq. (1) (min. ()I; cp and rq, are quantum efficiencies at the

irradiating waveleng,'h for the prcessev of eq. ( 60) (mole einatein"-).

lac and 1,,,, are the intensities of light absorbed by C and V,

respectively (einstein min. " iter"').

The following assumptions are implied in alloving the above rate

equations to describe the formal reactions:

1) cp and z are independent of concentration.

(2) There is always perfect n-ixing in the reaction solution.

(3) If any i, ierrncdiates 1re forrrcd, they are short lived and have

It o t on the rate deter miniag nteps.

(4) Abianoplion f light by the co/vent in niegligible.
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-CT

min.K JA te

ac a &nd q~are tile molar absor tivitieS of C, U~ ard JUX

iespectively at the irradiating wavelength (liter rnole- 1 cm. -1

Also'frorr the Bee6r-Lambert law

'a J [I -1 0 -(U 1  ~ +.~)F](67)

Where

1, Intensity of light incident on solution (einatein m.n

liter-1).

P Path length of irraiatirIg beiam (vim)

and-

(aU,+rjU cCA (68)

where A OPLical donsity or absorbance at irradiating X.

By cl ,tt~...~JtA qii ~~~j -5 66), 6(57) andi (66 i nto

6qs (1) and 0 3) flie followirg ratte e tuationv- are obtaine-d



~(xij - -(69)

.(tk, C keu, (70)

-U ----- -O~ (j tC - P2Cz2 + ka C - A YJ a (71)

In general, thiij set of eqa.ationa mnust be solved by approximation

m thods, In certain specific cases, listed below, the eqnptions can be

simplified.

(1) Very low concentration of BIPS in solution -In this cate the.

approximatiort ( 1 - 10 A)~2. 303 A can be ma~de.

(2) Very high conicentration of BIPS in solution -In this case the

approximation 10 0 can be made.

Unfortunately, at eit1re r very high or very low concentrations of BIPS,

it becomes quite difficult to accurately determine small diffidrences in optical

density. Or, the cases where the mathematical analysis becomes more simple

are the sarne ones where it becomeo more difficult to obtain accurate

measurennents.

If the thermal rate constanto and molar absorptivities are known the

quanturm efficiencie* can lie calcuiated from initial ratde dala andf rorn

ea~uer~ntsat the r1t .

freshly peparetd color1ies DIP (11.) is~ 11efd, then ait t 0, U1 , C 0, andi~

tn,.



or

A ()

Thus, by extrapolation of to t Ox 0 and from the value of the

absorbance at t =0, cp & can be calculated.

At the photo otatlonary state (r )
Therefore from eq. (69)

k, [ -( ks)C~ + 2U +k.z

+ (73)
Scp

s'here the subscript p indicates the value of the quantity at the

photo stationary state.

If a scointlon of frefhly prepared colored DI~PS 0i used to obtain the

initial ra-te data then at t0, U, IJt z, 0 arid C T I. From eq. (69)

dC N

1ff- (1 k, k: )

ThsrelsitH in alot-Ael:m i mnde)it iod r obtaing (q'



A Axe dod ok lie Mmr~n hether p h ccIinkn~decU y

eq.ations k4)), 70) , ;tn,. (71) am'~ oit. t ih q xnn d i-.idtncc

4 s a6 folic)AS' M"'eaR1re C, UJ and U?,s a fitfictioll of thi Cund calculate

AAC~ U1  A1. U af -tio tiine Substitute these vialuc w and
At A t ' A t

the known \valueii of ratte co nstants, molar ab~orptivities, absorbances,
etc. , into ed.uations (69), (70), and (71), and see whether the values of

(P and cpz calculated fromn these equations remain conetant throughoqt

the photoconversion.

Since C is the only independently measurable species,. Ux aid U1.
cannot be determined individually at myost tines. In, ethanol. it. is

necessary to make calculations fov qua rntum yield fromr initial rate data'

and from the ineasurernents at the Photostationary a tate a a has been,
previously .deescribed.i All qua ntuii yield values re .porte .d t o date Nkve

been calculated in the manner described (both ethanol and toluenie),

AsumnthAt U1 does not existjn toluene and therefore UZ =T-C,
(where. T is the total concentration of 131PS present) equation (69) can be

rewritten as followst kassuming k, 1 k., 14 -- 0 and P 1 cm)

t'a -A Y C)- - (P IC k, C (75)

or rearranging

+ k.3 C. -A 2 ~~ ) Ccft a.% T (75a)

11 the term on the left side of equation (7i5a) is plotted against C.
as rihown in Figure 3Z and Tablei 10, the slope of the 1inr, will he

((P C C (0 ez) and the infxerzcpt. qpz P. T. Frorn these valueis (p, and cPW, can

be cluae.The primnary' disadvaritage of thi~j type of calcilation, is

thai it is tirne consuming. The values of (,p and cp? obtained frorn plot

oi equation ('75o) in Y'lire 3?- *grne well with thoe, values obtainked from,



TABLE 1 0

Data for Quanturn Yield Determination-

of 5 , 75-Dichloro-6' ,-Nitro BIPS in Toluene

Run No. 19 at 366 r4 20 0C

-~~~A - c c)/o-o-A)
t. (sec) C (molealliter) '- . 0

39 2. 08x10 6  Z. 77xi0 "
-

.6

99 4. 53x10 Z, 860x

189 7. 70x0 -6  2. 79x10

279 1. O1x10 - 5 Z. 31xlO "

369 1. zOx0 -5 1 . 40xlO
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i r-otn initia 1- Co a znk1 photo ~ tt~ l ry "a iii). do ka q hDNn bO f

Initial rate aud" photo- 0. 0013 G. 60A~
m-batlonary .qtate data

E~q. (3?) plot (lea-st 0. 013 0.638i
squares results)

3. 6. Quantitative rnauewt fthe photochernical reaction of

ir1 rans in solution.- These reactions we~re carried out in the savmre

cell as were the actino",etry xasurements Three ral., of colorless.

(U,) BIPS solution was placed in the thermostatted absorption cell*

With the stirrer started, and the readout systems calibrated, the

shutter In the iultraviolet irradiation beam wa opened. The resulting

color formation was, followed as a function of tirne-by plotting the trants-

ittance at )imx. of the colored foirm vs. time on astirip chart recorder
AC

connected to the DlU readout. F'rom this information .~.can be Calcla-

.lated.

The transmitted initensuity of the irradiating Hg line was also

monitored by a photorrnultiplier - recorder arrangement. Fromn these

data the absorbance of the solution at the excitation wavelength [A in

eqs. (69) and (71) 3 an be calculated.

The irradiation was continued until the photostationary state was

reached. At this point the shutter was closed and the sample allowed to

thermally decolor while the ab.9orhance was still being recorded. From

thin data the rate constants for -the thermal reaction may be calculated as

has been previously described. In the case of 5', 7' -dichloro-6' -nitro

BIPS in a hydroxylic solvent (ethanol) no initial fast rate of color dis-

appearance was detected_.. This, implies that under the entiditirinn of

ir radiation, at the pbotostatioria ry state,, G arnd U, are aloo in a state of

tb.Prai equilibriumn. Since the equilibrium constant is known, the con -

centraticon of U, cati be calJculated.

Since the)" cnrain of all 9pecci, th-,e moldr aheorptivitiens

of C and 13;. at X zx, nd Oib total abicrbancc--e (A) all a)r(e known. ait ze.yo



tieand at lbc 1oto-itatiofiary Ltatc, .,no'ihiqy ritiui a-vai hite

to caiculal e the qui~nhirn cfk~ce~ p .~a:; desc vibod by

Cquil4tioflti (72,9) aud (~71),

An alternate m-ethod. ir. silUiiar to the once above except that the

initial solution contains only colored sjpecies. To prepare the solution,

a smail arnouti ol pure solid colored BIPS was pressed into a 13 mtm.,

type 0H Mi , lipore filter pad. which in turn was placed in a"Swinmy Hypo-

derm-ic adapter. The r radiating - measu ring instfrurnent xva~qset into

operation with stirrier running and shutter open. A syringe containing

approximately 3. 5 wml. of, solvent was attached to the adapter. On

depression of the syringe plunger the 'solvent dissof.dte ooe

13XPS arid imimediately swept it into the reaction cell that was already

waiting in the, irradiation path. In this manrner, essentitilly no time

Was'lost between the dissolving of the DIPS and the' start of the irradia-

tion, Thusa 0- C -~T, U, 1  - 0, and f rom equatih (74) .the.

qumitum~ efficiancy to can be cal :ulated.

3. 7, Results. -Quantumn efficiencies were obtained for both the

forward (Uz -4 C) and reilcrse (C g photo chemical'

reactions of 51, 7 -dichloro- 6'- nitro .81PS An both ethanol and toluene

with a 366 xmp. excitation tsource. The results ai-e summarized on

Table 11. It appears that in toluene the forward reaction is more

efficient and the reverse reaction less efficient than in ethanol. As is

shown on Table 11, there is good agrcement for the value of epre

gardleen of whether the pure colored. or the pure colorless compound

was used a~s a istarting material.

An attempt was made to obtain the quantum efficiencics in

toluene using a 313 rrij- excitation source, The work progressed in a

Earaigat forward mianner uintil the calculation o-.f the quantuin efficiency,

ox for the h.-ck 1, tln (C f,- C; t, t4 o- -t stt aa

wat; ruate, On fon-k separatu runts thit, qiidrntity wzux necgativo iv. o

3) lyhich is incow civdabk. Uiig an alcint method for detert 4g

(P-, by starting wvith Pure coiorcd folr,, poi'itive va',luuon Wert. 01btainud

"n the ralngec 4-., 0, ? to 0, it- A.] IIMAue! ClYI-'1'00118o wf~re riado fot thie



"TA B Lb ii

yuautur. Y inlcis f 5' - i chlov-o 61 -N itro (FILi

(ethanol, 366 fwP ?0°0 )

Cori En IEinteins/Min.

Starting with Pure Colorler Forrm.i ((14

9.97 x 10- 5  1.90 0i .. 312

9.97 x 10 5  1.99 x 1o "- 0.299 --

9.97 x 10 2. 01, X 10 0.295 0.071

9,97 x lO 1.45 x 10 0.301 0,074
.4 4,

1.00 xlO 1.43 x 10 0.-314 0.089

-4 -7
1.00 x 10 1.40 x 10 0,313

Starting with Pure Colored Form (CI
Z. 40 xl 5  1.40x10 -- 0078

4.2 6 x 1O, . 40 x l0-7 0.091

._toluene, 366 20 9°C)
I0  ..

one_ MEinsteins/Min, __.

4.98 x10 1.44 x 10 .623 .017

4.98 xlO 1.47x 10-' .582 -001



a bS(mitioi of 313 noixlLight by the solvent (see Section 31 4), mnt the

valuefi of the imnpnctanii pararceters wefre rrschecked etntnCO

efficients, rate constanS, cc) non-re)roctucihii or ini)poisible re-

suits were still obtainied. It aqppears that theire are atill unre0Solved

factors influencin~g this particuilar system. ResutS are'- 0hOWY ini Table 12,



Cluarituxn Yild Zand E'-intioln cQefick tl

for 51, 7'-Dichlor,6NitrolI in Toluere Ui3l3 n1 gaditkn

Con-
centration 10 k

4.98x1O"  o49x10 j  9.67xi0 *  .502 -. 127

4. 98x1O" ,  Z.'591dO$ 2, 21t10o"  
*478 ; . 340

7. OZ1;1O 5  Z. z3xWO-  2.86xI0 "  - Correction

7. 02X 5I1 2. 25x100 9.331I0 "  4ZO -4 19 - Applied

2-2 89 O 232Z) Started- with
Z. 05X10 -5 2.2 txl0" 9. 26xi0-Z - 3 Pr o~e

Puare Colored
8 !8xIO 6  2. Z4xl0 "u  8. 72,d0A-  --- .4801. Form

X -594 mp

Extinction coefficient of colored species at kmax = 4. 8xI04 liter/mole cm.

Extinction coefficient of Uz at 315 mp = 5.13x103 liter/mole cm.

Extinction coefficient of U, at irradiating X = 5. lOx10 3 liter/mole cm.

Extinction coefficient of C at irradiating k= 1.294103 liter/mole cm.

kt = meamured overall thermal rate constant.
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4, 1VEASU r I*3VEN TS OF THE THEJ~RMA L ANn PHOTOCIEL ICA 1

PR~OPFWIVV!TX]5 OF OTH.ER PiiorC(-Rqbiii Co Go1~u-Nns

4. 1. Investioatiyt nf six representative BIlPS cornpoundo, -1

additionl to the iraenasiv ? investigation done on 51 71 -dichioio-6' -nitro

BIPS. several temperaturces, a programn was undertaken to study the

therrmal and photochemical properties of six other compounds in toluene

at Z0 .Te stdy o thee oth r compounds givei sorre indicaiion' f~

the similarities 'and differences that can be expected among v1r01'1

s pi ropyrar is.

The study of these compounds in toluene prtweeded viia the follow-

ing step s.

1. Determ-ination of the molar absorptivity of the colorless form.

at an absorption maximumn in the ultraviolet region.

2. Determination of the molar absorptivity of the tolore d form

at the visible absorption maximnum,

3., Determination oI the molar absorptivity of boil the o leo~Css

and colored forms* at the wavelength used for the-.photocemi

measurements.

4. Determination of the thermal rate constan-ts at th~e temperature

used for the photochernical measurements.

5. Measuremont of the photochemical color formation versus

time using an irradiating wavelength of 366 mth.

6. Calculation of quantumn yield using the corstants obtained in

steps I through 5.

4. 1. 1. Molar absorptivity measurements. - The determina-
tions of the mnolar absorptivities of the colorless species have been described

previously. Molar absorptivity de te rmi nations of the colored forms in

1(lucne Were mXoYe difficult duie to the relatively fast thermal color dis-

tivity of the colored forms in the samej manner as that uand for ethanol

rolutionji. In several canes, the absorbane verfais timerve obtained

was "S'shaped, at first increa.sinig the'n decrea*sing wi tit-re. It is believod



that Tninotc. Particles of undissolved colored fiorr viere pai-bHing thronilh

thle Inmillipore 15ad and J--lrfi the absorption ~ius giving the

initial Vi ie ill col)r.

An alternatte method was devised which mnade usc o~f the reaction

between the colored salt and a weak organic base. Since the salt$ were

comnpletely insoluble in toluene the following procedure waa usedt A

smiall , wint of solid salt was placed on a millpr ittadisre

into the S%,'inny adapter*. A toluene solution containing 0. 5 nil. triethyla-

rnine per .50 -ll. was forced through the fiI~ter. The action of the -amino

on the salt produced colored form that was transfer-red, in the same

motion into the reaction cell. The absorbance versus tirne curve showed

the normal first-order decay and extrapolation back to ze ro. timre WAS

dorne with little, difficulty. The concentration was 'determined fromn the

decolored solution by its UV absorbance. The amixine appeared-to have

little or no effect. The UV absorption spectrum n.nd the extinction co~-

efficients obtained in'tlis region in pure toluene were applied in de ter -

mining the solution concentrations except iin the, case'noted on Table. 13.

All extinction coeffic ients (colored and colorles~s) obtained at

irradiating wavelengths (step 3) were determined by using the filtered.

mercury are light source and-photon'iultiplier detector as the measuring

device. In this way no irregularities would aris6 'due -to diffe rencesa in

spectral band widths as might have been the case if the measurements

had been made on the DU spectrophotometer. The values obtained for

all extinction coefficients determined are incorporated Into Table 13.

4. 1. 2. Quantum yield determinations at 366 mi irradiation. - In

order to obtain an indication of the effert of various substituents on the

efficiency of color formation, quantum yield determiinatio-.ns were made

on several different compounds of the BIPS sekiu&. All thec runs were made

oil toluene solutions of the oamnplea for thle following reasons:

1. Calculations are sinmolified aince it isj probable that no sot-

vated species iiimilar to 1 , will be foxind in this system.

2. B~oth the thermal and photochemnical reactions proceed at a

faster rate allowing moework to be accomplished in a shortnr

tim 0.
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3,ToJuenv solutions rnive rtearly ihin ivlite the ayitcmIn hdng

ut-ed ia the oye pirotection &2trice.

The general procedures for determining quantumn efficienici and

for deternmining light intonsities by use of the chemnical act ino meter have

been previously described. In addition to following the color form-ation at

the visile hmax, the total absorption of the excitation radiation was also

followed with time in all of the determinations reported here.

Due to the absence of the U, species in toluene, the only reactions

of concern are

C kthermal) )

and
Z c .(photochernical) (60)

Since the thermal equilibrium lie, greAtly .in favor of Uj, 14 is

insignificant compared to kf5 and th~reforie k k where Jk s the obsere
t tre

rate constant for the 'the rmal 'color disappearance reaition. The m ethod

used In the calculation of the quantum efficiencies haso been. Orev;iously

-described. The results are tabulated on Table 13,

4.1.3.-Etent of photochernical transfornation from colorless to

colored frm of 7-Phe -5'-bromo-6' -.nitro-W'-rnethoxy BIPS in ethanol. -

The seven solutions prepared for use in the determnitation of the molar

absorptivity of the colorless form at 260 rri in ethanol were also used to

determine, qualitatively, the extent to which the phototraosforrnation
hiV

(colorless :9 co-,lored) takes place under conventionzl1 laboratory lamps.

An absorption cell of suitable path length was filled with the solution at

ZO C and was subsequently irradiated under a mercury arc lamp (George W.

GAtes, MIL-ZF- C) or Blak Ray (Ultraviolet Products, Inc. 1 Model XX-4).

The absorbance of the solution bcing irradiated was checked periodically

in a Beckman model DK-l spectropbotornetii-. TIhe irradiation was dis-

continued when they absorhance at 5i60 mij. apt-iared to I4 vpJ off (photo-

istationary Atate). The conicentration of the colored form present. at the

phctoustationary state wa~w rajeulated fromn the aboorbance at 560) in14 and



the kijown value foc e, 6 0- The percent transformned was obtained from

the ratio of colo-redrn p)rt-sont at the pFhoftosttionary state to the total
spiropyran pres ent before irradiation. The average conversion was

94. 7/ under the Gates lamp and 9Z, 9% when using the Blak Ray. The

results of the work are tabulated in Table 14.

It must be kept in mind that the data in Table 14 are not quantitative

since some variations in irradiation. conditions arnong the vzarious Sarnples

is probable. Also, the photostationary. absorbance values are subject to
error due to the readout procedure used. However, the data convincingly

demonstrate a high percent- of photoconversion in all cases and suggest
Lbat very close to tota.l conversion m'iight be possible with'a'lamp.of higher

intensity than those used here, It should be rememberedalas that at
roqh ternperature even if the reverse.photochemical. reac-tion. TJ '

is nogligib1e the therrn~J rea~cti-ous, and

are- not,

4 $Smeobservations-on the hydrochlo.ide salts ,4 6 '-nitro BIPS:.
Evidence gathered to date has shown that the salt ca n exist in both an open.
and a closed form. At room temperature, J1n both the solid and in solution,,

the open 'modification appears to be the more stable compound. Possible
structires of these- salts are diagrrnmed below.,"

(I closed form) (11 open form)

The re-action of hydrogen chlor-ide with 6' -aitro BI'PS was carried
ont at s.everal ten',p.vature in boti toluere and ethanol. Two di ctinct
product,3 o wcre obtained, ti-:pcding 0 pon the irnpel 'turfe at which the

reacti o took place.
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Theprea tin~Wcrfi aceto ipliehed~ by tibblixx- hydriogen chloride,

thr'olih zojuti()11 (i the s'piropyral) at -713 vooi.1telnre atire, anld

the 1oili;Ig Pritnts of etfhanolC and tolo-ene. In each casie the reaction prodc

precipitated fromo solution as a yellow solid. Each reaction waf, carried

out in solutions propared from colorlees or "clo-med" spiropyran as

starting material.

Tho first indicAtion that the products werc. two different galtsl

camne from the speed of reaction itself. The reaction at -78O proceeded

extremely fast in the nearly complete absence of colored or '"opcni' form

of the spixan. This suggested that the colorless or "closed"r form rather

than the open form was reacting with hydrogen chloride ini salt formnation.~

On the other band, the reaction in boiling solvent presumably took place

between. the open form, present in abundance, and the' acid. The solid

hydrochloride salts were removed from the reaction solution by filtration,

wa-shed with pentane and dried. Elemental analyseg were performed

without further purification. The open'tsalt m- el"t~d at 2166'.i69'. The

closed' salt appa r ently isornerize d to the open Isalt at 130 0 and melt ed IAt

Z64-.265 0. The samples gave a mixed ineltincy point of Z6-6

Anal. Calcd. for G1 9 H 9 NZO 3 Cit C, 6 3. 6,1, 5. 3

(mind (closed salt): C, 61. 6: H, 5. 4
found (open salt): C, 64. 0O1 H, 5. 4

A small quantity of the salt prepared in boiling solvenit was di 9-

solved in toluene at room temperature. Weak organic base was added to

this solution whereupon an immediate color change, yellow to blue,

occurred. This same test when applied to the salt prepared at low

temperature, gave only a trace of color. The salt prepared at room

temperature gave results intermediate between the low and high temnpera-

ture ones,

Titratin o1f ethaolic E;"uioi of caCI cltAnpa-17.w

standardized rsodiurn hydroxi de revealed that both were rnonohrydrochloride

salts.

Infrared spectx a of~ the two salwL were recorded on a Porin-Elwer

model 13? spectrophotometer, in KBr pelflets. The spectra :3ickwed

-V7.



finfti~z: dif1ferences. (tligxx--T 33) "Thoc 2,pO-CIiN diff -xcd firt the-
nlrtra -.cd otpo vtra of thea r co~cl~ I~do 'red foryna. 14 6' - iiAt-o 81:,9

The~ following axperixnent;-'tion strengthenis the argumcent for tile

exitence~ of two types of salts.

(1) A portion of'the Polid low temiperature reaction product was

decomposed in aqueou.8 ammonium hydroldd(. The product was washed,

several times with water, giving a gray solid, mn. p. )177-1 78. (The

melting Point of the colorless 61-ni-tro BIPS is 177-178O) The infrared

spectrum of this material Nvas identical with the infrared spectrum of

colorless 6' .-aitru )B1PS.

Anal.. Caled, for Cj 9 H~ g NzO3* C, 70. 8; H, 5.,6
Found: C, 71.2- H, 5.7

(2) A po~rtion of the high. ternperatu te reaction product was de-

* composed in aqueou azrnmonllirn hydromcd yiediaig a n~arly black solid

product which was washod several timies with water. This product Melted

at 177-178. The infrared spectrxim of this black material was identical

* with the infrared spectrum of the pure colored 6' -nitro BIPS previously

prepared by precipitationf fromni o-polar solventL.

Anal. Galcd. for Cj.H 1 5 NkOj: C, 70. 8; H, 5. 6
Found-. C, 7 0. 4 H, 5. 6

(3) A portion of the salt. prepared at low temperature was dis-

solved completely in ethanol then refluxed for ten minutes. A precipitate'

formed on refluxing and after fifteen minutas the contents of the flask

had solidified, The infrared spectrum of this product was no longer

that of the closed nalt but was identical to the infrared spectrum of the

"open" form salt. The solubility of the closed salt is apparently greater

than that. of the open salt in ethanol. ThiN rearrangoinent of the clos(ed

salt to the open oalt also occurs in the solid. Thie original closed salt

has completely isornerized t.o the opens salt after standine, for oix months

at room tewiperature.
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Shapefll~ ofnc SLMATUYIIl to nlo Ic-

show licitinct difference) in the ohtiie of tlh vti(ible trarrmitatiec xpectni'.

tx'iri i~natxon of thc vi jjbgC spectra of all the corpc'undn teitaed under the tandard

conditions retzea that in joat canes a definite curve sihape acconr panies

certain substituent combinations on the hcenzopyrar half regardless of the

substitution on the indoline portion of the molecule. Four general. types of

curve ohape have been identified and are described in the following paragraphs.

Ty_]se I. The curve shows two maxima, of different intensity, They

are sometimes resolved, while at other times the maximurn.of lesser intensity

appears at) a shoulder to the shorter wavelength side of the larger maximum.

"igure-35, column I shows representative spectra of this type. This curve shape

was usually found among compounds of the following type:

where x t halogen

Type 11 . The spectrum shows two resolved maxima of low intenaity,

usually separated by .30-40 rnillirricrons. (See Figure 35, Column 2). Corn-

pounds of the general structure below show this curve,

Tye >II. Spectra of this type are very broad, rounded curves

which sometimes msw the presence of two maxima. (See Figure 35 Column 3).

Curves exhibiting this broad spectrum are produced by compounds having the

structure given below.

'.IrW _.Z* The curve is less broad than Type III but uauallV isi6ws

the presence of three maxima and is ansociated with compounds of the following

structure, (Figure 35, Column 4).

1 01
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4. 4. Sern.-qtarititt tive euive ftepttcrri ~i~row-rtle,

of the it-dolhn ~nzoipiropi-,tis, _This pr~jc was indert.Ik-<.t to obtairn

a~n overall picture of the properties of the variously substitated iiidolino-

benzospiropyraris (specificaflly, Lboie Oro'perties that will deterumine thp

performance of Amn 6ye-protective lena eloment). . The -info rmatiion re-

quired waa obta ined by making use: of a, modified rapid scankdng pict1o-

photorneter (ModelA A-i1, "Aie r i czn Optical 'Co.). I'le rnodi-fica tionx

consisted -of p ta ing an electronic flash lamp in the- Aarmple. comoartment

as shown in F igture -36.; .Tho sample cell .wYafj cons t rtcted- of t*o glassa

kiate sepaated by a TFl1 spaeer 0. 050. inch thick. 'The ~aspae

are held firmly betWein two steel. framres as illustrate nFgr 37.

The ope ration of the instrument consists of placing the..sarnple

cell on the movable platfo rmr. outside the light path. of thte spectrophott?-

meter and directly in front of the flas -lamnp. After- irradiation

(filtered by Corning filter No. 9863). the call in the carriage is quicly

moved along the metal track into the spectrophotorreter light path.

At this point the spectruxm is displayed on the-os cilo scope and. i mmed.-

ately photographed. The flash output is controlled electronically tio

that each samiple receives equivalent exposure.

The eample sohiftions were prepared in toluene at a. coacentra-

ion of S. 0 x 10 mole per liter.

This moethod I-PAbled a rapid evalua-tion of a largv. number of conn -

pounds with the basic rutruecturc 1. One imoportant advantage- of the motbod

wacs that it permritted the recording of the enitir4C vifilbie apectrum at onie

Orne within onu e coral aitax, the nanipic wiae irradiated. Many comnpoiundf;

having eh-iort half.. livCer! of the colorid apscicr wa Studifed in thiR wlay fXo.r

103 -
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Metal F~ram~e

Glass plate
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7 the firR. ;t timt-e, C'o rve .nA o- sal. recording sp ectrophnton,.tvy could I-ot

offier this feature since the tnedelay betvie,.n irradiaticin of the ramnpie

and recordiag A8~ spectrwum is ;too great for fast-fading Comnpound~

44

The photographed transmittance upectrurm 400 to 700 ui h of

each sample allows several diffe rent types of variables to be obtained,

Although the absolute accuracy of these variables is probably no t a good

as that obtained on mor'e convenrtional spectrophotomeateps'with stable

saryples, the advantage of, scanning and recording the whol visbL

spectrum in cone-oixtieth of a second by far outweighs -this drawback~.

The following variables may be obtained from these deterruinationst

1) wavelength of maxirnum absorbance, kmax. , 2). ,The change in

tzansmittance. at Xnmax upon exposu're to 4 Standard amount oi exclitatlo~i

energy (electronic flash). A Tf 'This inay also be converted to absorbance

or optical density changes, &A or 6 0. D., 3) .*he integrated absorption,
I l-T, of the colored sample. This measurement gives an indication of

the breadth of the absorption and relates to its neutral density equivalent,

The stability of the colored form as dett~rrnined by the half - live

data gives an indication as to whether the particular material being

studied may be considered as a component for a self deactivating lena3

element.

Some ?12 -tarrnples of the idinbnopryr family hav'e

been tested accorrding to the foregoing procedure n. In Orde r to monitor

the instrin-nent reoponse and light source output a otandare1 sample was

chotncn. 1Priodic detniminationa on this samrple showed the i~eproduci-

bt of ihcearu~et to he hotter tan:2 transmission,

Tablc I!5 lists 140 oif the E;ampies examined on the inodified

Y~aP. ScamPl ecphtlyetr The F'ischer's Base and salicyla,-de-

hyde olnown which cormbine to form the indolinobenzo rpi rot'yrans

ari 'Usted ve-vtically andJ hori7,(Pnuilly respectively. Data that CicO~

-106-



a partitcular coipoinnd J.9 given &t 0-he ilnt4_rseC1OC Of the. 'CornocV1 'ltS

forrilng that Crpund. In thxis way the effect cO the vir-Aocu, uotteur

on, thc Fischer's Base or' salicylaldchyde! can be. hcrvea b,-nod gte

va~ucs of the diffoternt propertiet in their respective file-i or columns.

Th asis for putting -- conpound in this tablewatatibeoa ru

of six or more cornpoxinds prepared fromn a common salicylaldehyde.

Of the remaining samples that were tected and riot lited only a few

were photochromic under the stated conditions. Those foun~d to be

photochrom ic are lipted separately in Table 16.

Al Fie her, a Bases presently synthesized are U1#ted. Only

salicylaldehydes .containing a nitro subs tiuent are lDated, (two exccep-

tions). it has been found tbat a. non- nitro subs tttuted salicylaldehyde

combination with Fischer' s Base will not produce a compound showing

photochromism-under the standard test-procedure (with two. exceptiong).,

Alslo co ntained'in Tables. 15 and 16 i s the data relating to the

stability of the colored fofn.

Fromi these lables then cart be obtained-the photochemical and

thermal data for: many compounds. In tIs way the over.-all perforMnance

of. a mnaterial miiy be judged relative to other rnaterialas uindcr the same

conditions.

A general statement may. be made that in the family of indolino..

benzospiropyrans there is a relatively small shift cf %mnax due to the

addition of substituente to the basic structure, Almost all samples

tested in toluene fall within thue range of 570 to 670 mu . The upper

end of this range is somewhat hard to determine for two reasons:

1) The compounds whose absorption is in this region are considerably

less sensitive than those of other regions. The small amrount of

absorption obtained tnakes it difficult to deternmine the point. of maxinlut

absorption. Z) Vie instrumnt beconi nomewhat %inreliahle in thio

long wavelength rogionl.

Molocilet WiLb 61- .wethoxy.'fi'tiftro and !5-uitra sub&otituents teTnd

to peak vicra tbe, upper end of the range while those at the lower end a re



I -A B L L 15

(Porvt A -t)

5tandard Test Data for Tdinbn~~iuy n

Fischer'i B ases Berizopyran SubstituentB

5, T-Dichloro-6'- 5'-Brorno-6'-
6'-Nitro Nitro Methoxyr-8' -Nitrc

=-T nax tA Xrax t~ A 1 - T Xry

lUns.iistitiited . 16 . 32 . 22 595 5. 7 .08 .0? 585 - . 05 . 05 61

1-Arnyl .30 .36 .25 605 --- -

1-.Amyi-S-Nitro - - - - - - - - -

1.Phenyl .03 .29 .25 615 .15 .07 .05 610 - - -

2-Ethylidene .02 .02 - --- - -

2-Propylidene- -- -- - - -

3 -Ethyl .25 .37 .27 600 - - .05 -. 05 61

3. 3-Dielthyt .27 .37 .25 600 -- .

3-Ethyi-3-Phenyl - - - -> - --- -

3-Ethyl-5-Chloro - - - - - - .06 .0-7 6(

3 ..Eth-y- 7-Phenyl .19 .32 .27 600

3.4leptVI-3-Pbenyl - - - - - - - - - - -

3-Penty1-3-Pheny1I - - - - - - - - - -

2, 3- ip nyl - - - - - - - - - -

3-Phixnyl . 41 .44 . 31 605 - - - - . 06 . 06 61

3-Plhcnyl-3-ni-

Propyi 5~3 .45 .?.9 605 4.5 .14 .11 590 - - -

3- iy-l-7- - - - - -

3-vi-Propyl- - - - - - - --

3. 3-Di-n--.Propyl - - .

5,-Nitro - - - - - - -

(Y in minuteri, &A in Absorbance Units, 11- T in Absorption Units,
XJrl it) rtp N. P. - not photochromic



TPA 13 LE i 5

Statxdard Tes t Data or oinobenzo~piropy an:
';' " ' ..... .. ... .. .. . : : q ¢ " .. .. . . . ..... .... . .. ... ....... .. ... .. ... .. .. ... .. ... .. ... .. ... .. ..----. ...--. .. . . .. ..... ... .. ... ....

6'-itro-, .. I6', 8' -DiNitro 6' -Mothoxy-s' -
Mc thoxy N.t)ro

J&~ T5.- kmi max tAfiT ax

L.nsbstitutt'd 37 .36 ,33 600 .02 01 .04 .04 660

Ayl .04 .06

i-Amyl-5-Nitro V.F. 55 .47 630 -

I-Phenyl .01 .34 .33 615 .19 .04 .05 590 N.P. -
2-Ethylidene - .01 03 - 09 Z4 17* 595

Z 2-Propylidene . . . . . . _ .

t -:thyl - .04 .06 - .08 14" 13" 595 .04 .05 640

3,3-.Diethyl - .10 .09 . . . . .04 .05 680

3-Ethyl-.T-Phenyl,. . . .. .

3-Ethyl-5-Chloro ...

3 -Ethyl- 7-Phenyl ....

3-Heptyl-3-Phenyl -.64 .4Z .37 600 - - -

3-Pentyl-3-Phenyl .68 .51 .43 600 - -

3, 3.-Diphenyl . .. .. ..

3-Phenyl .64 .4 .36 605 .48 .42 .30 605 .04 .05 660

3-Phenyl-3-n-
Propyl .58 .48 .40 600 - - -

3-Phenyl-7-
Phenyl .47 .42 .37 605 .. .. . ..

3-N-Propyl . .. . . . .... 04 .05 670

3, 3-Di-n-Propyl . . . .. . .

3-Phenyl-3-n-
Propyl-5-Nitro F. .37 .40 630

ttin minutes, 4A in Absorbance Units, .,-T In Aboorption Units, %nax in 11tj,
N. P. - Not Photochromic, V. F. very fast, * saturated johiiLion.
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S;tandaa d, Da~tta .fr Inc Cinobitc nz uI ropyi:all fj

.. ehxMethx____

Unsubst ituted .68 . 34 .31. 575 1 4 0 27' . 2 605 -.. 10 .09

I -- Amyl .98 .34 .27 5 *- .. -.- -

'-Arnyl-5- Nitro --

-phony1 V. F. .12 .14 610 .'70 124' .24 630 -* -

2-EthIyl idene . 82 . 21 . 21 5 80 10, 1 . 6: 19'; 610 - 09 08

2-FPropylidene. - ---

3 -Ethyl .84 .30 .26 580 - W .09.

3, 3- Die thyl. 1.1 .26 .23, 585 -- -

3-Ethyl-3-Phenyl .66 .30 .36- 585 .- * - - -

3..Ethyl-5- Chloro .23 V2 .36 585 - - - - -- -

3-.Ethyl -7.-Phenyl .66 .3Z .27 585 - - - --

-3-FleptYI-3-Pheny1 .

3-Prn-:tyl-3-PhenyI

3, 3 -Diphe nyl .Z4 .35 .31 595 - .- . - - .

-Phanyi .66 .31 .27 585 - - - - - -

~~'ropy . 74 ,30 V 2 585 - - - - - - -

3.-Pe~rr]~-Plny1 * .. - -

1- P f. Opyl .6?- 3 5 . 28 580 . - *

3. 3-Di-n-Propyl 70 .3? -. 595 .

3--Phenyi.-3-n-

.Propyl-5-Nxtro .--- . -

t v. in inte, AAi in Al ';orhaico Tinitm, SI- 'i in Ai-.)r.v-or ir fiti-, Xn~ in r-)

~.P .Not .1'hoctochr-oyni', V. F. - Very faut, iaturiateed sohmtois.
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(part B~-1)

&.-.mdard 1Test Data for 1I dolinobenzospiropyrans

t A r~ xniax ttSi - ' ?.rnax gaA -

4,6-1phny .09 .41. .28 605 5.4 .07 595-

.4,7 .Diniethyl - .. 10 .0858 -

5-mn NP.- - -

5-Clr .20 .36 .,.7 605 1.1 .68 .07 590 .0.0

5-(fi-MydroxcYethy1) .10 . 28 . 20 600 - - -- - -

5-Methoxy .19 .10 .08 600 21.0 .05 .05 595 - *

5, ?-tlimethoxy . . - - - - - --

5..Methyl .11 .28 .21 605 16.7 .05 .03 585 .

5, 7-Dimethyl ID'S0 . 08 . 05 585

5-Nitro *V. F. . 45 . 37 610 -- -

5-Phenyl .14 .33 .24 615 - - .03 .03

5,7-Dipheriyl .13 .09 .09 610 - .- . -

6 ,7-flenzo -. .02 .02 *. - - . . -

6-Chiaro..7-Methyl.. - - - - *- - -

6-Methyl .13 .33 .23 600 - - -- - -

7-Chloro .18 .36 .27 610 - - -- - -

7-M..tho--xy . 09 Z 6 .20 600 - - - .

7-Methyl . 06 Z29 . 20 595 - .

7- Nitro -* -. . - - - - --

7-Phenyl I Z .35 .24 600 5, 7 .06 .04 580 - 03 .03

A- in uteR, AA ii .Abklorbance Vnitpi, 91-1' in .Absorption Ursita, %mnax i
N. P'. *- Not photoch)-oro)c ,V. F. -. Ve:ry fatit.
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(Part B-~2)
Stallilard Tent Data for 1.44libobozospiraza

Ischierl ae ~ttunf
M6tho.. 6.' '-DiNitro i tro

4, 6-Di p henyl .18 .49 .43 610 . . .. . - --

4,7-.Dinethoxy .13 .10 .18. 630 1.4 .32 26 5380 - .01 .02 670

£5-~Arnino -. - N. -, - - . -P,

5-Chloro .19 .44 .39 605 .19. '30 .24 606-. .03 .. -

5-(f+-Hydroxyethyl) .15 .31 .28 +Z0 - - - --

5-Methoxy .16 .08 .09 620- - . - - N. --

5, 7-Dime thoxy - - - . - - .

5"-Methyl .2Z .25 .24 620 .....

5, 7- Dimnethyl .. . . .. " a +

5.,Nitro V. F.. 52 .44 620 V. F. 25 .24 605 - .01 ,03 -

5-Phenrl .30 .3Z .31 6Z0 .08 .20 .17 610 - .03 .03 670

5, 7-,Diph e lyl .. .. ..

6, 7-Benzo .. N.P. -

6-Chloro-7- methyl . ... . .

6-Methyl .29 .24 .24 610 - - - .02 .03 670

7-Chloro a.-. . .. . .

7-Methoxy .19 .25 .Z4 610 . . .. ,02 .01 -

l-M e thyl .13 4 26 .27 610 .08 .11* 411 600 .01 .02 670

7.Nitro . .04 .05 .. .- -.

7-.:Phey . ?4 . 33 . 3z 620 - - .0Z .02 670

, 7-Drntthy- -

thii Mi~ta A,, in 'Ur-Mo~dt, -T. in 4kbe.-aqhiub Ut%~. kra Ailv~. FP. - 4o. P hou.¢t:1hromiL , V. '. Vrv F at , ' ,,rnPt ; oon.

nz+. .



TABLE 15

(Part B-3)

S~twida rd Tat Data for Ind.oI irobenic. apir opyrans

Fichcer's biiases i1anzopyran Substituosits
5'-~cro, -Nitro- 6vinit ra.-S

8'Nir -SMohoct Metvi toxv

sl' ),max k I max T~ XA-~mrax'
4, 6 - phenyl .60 .39) .3 05- -

4, 7 -Di m thoxy .- * .03 580 - . - - -. 3.04 ~~0

4, 7-Diniethyl 1. 6 .24 20 S55-

5-Amino '

5-Chioro .Z2 .32 ..29' 58.5 2.1 .i7 .25 620i. - 11 .08 -570-

5- H~dr oxye thyl) - - - - -- - - - -

5 -Me thoxy 2. 8 .16 .1.5 610 - - - - - -

5, 7-Dlnmethoxy - .

5-Methyl 1.2 .2V .23 580'. - - -

5, 7-Dirnethyl 2. 3 Z24 ZI2 580 - - - - - -

5-Nitro - . - . .59 .45 600 -. 02Z .01-

5 -Phenyl,.4 .31 .27 590 - .- -. 04 .06 610o

5, 7-Diphenyl - .

6, 7- Benzo .. . - - - -

6- Chloro- 7--methyl . 16 33 . 27 590 - - - - - - -

6-Methyl .82 .34 .27 580 - . - -. 06 .06 570

7-Chloro- . . - - - - - -

7-Methoxy 1.0 .21 .20 585 -- .04 .05 620

7-Methyl 1.4 Z5 .. 580 - - .03 .0.5 570

7-Nitro . . -.-.

7-Phem-54 .35 .31 .26 580 6.0 .Z6 .2 610 - 06 .037 575

IV irk Minmi a, AA in Ab norhance tnitm, in. - Aiioorpticn Unita~, 1Xnax 4 i-971F-~.,
N. F', Not Ph-otochromic; s awac oludO.
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Mor(e Stancdawd 'rest D3am~ (3-n

4A.:
(Absorbance (Absior~ption XTX

6'..-%itro -8 -Fluoro .2.4 .17 4, .15 *570,

6'-Nitro.- 8'-odo .36 .18 .16* 600

6' -Nitro-8' -Allyl . 37 Z4.2265

5-.Chloro-6'-.Nitro-

8'*'Chloro .16, .20 *.6*605

* 5-Chloro-61-Niiro-
8'-Brorno .16 42 .20' ~ 605

5-Chloro-61 -Nitro-

81 8-Iodo .. 17 . .1615

5-Chloro-6' -Nitro-

* 8'-Allyl .33 .38 .30 605

6' -Mitto-71 -Bromo 1. ?1 . 21 . 15 590

3'-Methyl-61 -Nitro
* 7-Chloro .15 .16 .13 585

5'- Chloro- 6'- Nitro 2. 6 . 24 .15 590

7' -Nitro .09 . 3.5 .14 650

Fi, 7'-Djriethoxy..6',
"I" -Dinitro Z.7 .12 ' i . 07 * 6o

5 -- Ni to -' -IM e boxy V. Fast . I1 .1iS 565

7.M~hoy.7'~C~ot. . 7. 14 . 12 600

~'Data on saturatcd solution



The charnge in transmittance of the sam-plc. upon exposure to the

Constailt energy flash source, as obtahiod froni the phoograpphed

spectrun at 4anax. has been converted to a change An absorba.nce and

thus presented in Table 15 as AA. These values are intended, along with

the'integrated absorption values to be the basis on which.the relative

sensitivities of the various compounds are established.

The time elapsed between exposure and readout is not definitely

known but is somewhat less than one second. With this type readout,

the time factor will have little effect on the A A values except for thosc.

compounds whose thermal color disappearance is extremely fast. It
is felt therefore that the values Isted indicate, in almost all cases,

the maximum color obtained under the specific conditions. As was

mentioned it must be kept in mind that a change in conditions, especially:

a change in the quality of exposing radiation, might produce different

results.

The compounds falling at the top of the list as far as AA is. con-

derned are of various -structure. Molecules having 6' -nitro, 6' -nitro-

8' -methoxy, and 5 , 6 -dinitro- .8' -methoxy substituents (originally

substituents on their respective salicylaldehydes) all show reasonable

sensitivity. By addition of the appropriate substituent(s) to the Fischek' s

Base h-.lf of the above molecules, a quite significant gain in sensitivrity

can be achieved. It should also be mentioned that a number of substi-

tuents on the Fiucher's Base will decrease the sensitivity. Such groups

as 3-phenyl-3-n-propyl, 4, 6-diphenyl, and, 5-nitro are shown to in-

crease the sensitivity of 6' -nitro, and 6' -nitro -8'-rnethoxy BIPS by a

factor approaching two. Because of the inherent insolubility of the 5',

6'-dinitro-81-methoxy BIPS, relatively few of this series have been

synthesized. On preparing the 5-nitro derivative it was found to be the

most sensitive compound availablc. This opens another arf;i for More

work. No mention has been made of the 5'-hromo-6'-uitro-8'-rethoxy

131PS because of the fact that no significant increase in sensitivity ba8

been observed by addition of substituenta to the Fischer's Nano h.lf of

the molecule, The 6'-methoxy-8'-nitro and 5'-,bromo6---methoxy-8'-

-!£5-



~' rr ir~!;; 1 A studied itt the

mi. i; A '~ 'cd ai 'c These co)mounds

Iy m'r v i I # f or ter !iAlbsti t ti o n ha s p rcduced

Int'grlA . tijil , -T) is the integrated percent absorp-

Itil W"Cr OW' VI! f1 460 to) 700 vi . This is r-,ated to

t1_ 2 tiiltr irl It iivalerit of the colored sarnple and wh n used

J 1 C(Ali'incf ii U the f A valluv_ give s ai-i 'iication of the treadth

0, ")1( ahsis 'A. The A,'4 and 1- 'F -alues are therefcre the

ip~tt)6s c.: rihe the sensitivity of tslic Sample relative to some

I iO 11!0, 1 - i1 4a )C o d to s

4 ~.K .'.i;Wuorption is obtain. I by dividing the area between

I I Ii *m 'rVI' ftur the colorless '3rm and the curve fo;,, the

U 41 i,,i~i area under the t,, insi.mittance curve for czolor-

IT,, I 3 o rrn-iltae;rerflefts werv taken directly from the

1,; 1 uphod t4pectrun of each sample I'.' use of a Kueffel and EE ser

-!'b comenbating polar planiniete7:, The limited range of 460

7w() ii wai4 riece.,sary because of thq inability to adjust the 100/..

IA iw tie w rapid scan-ning spectrophoto-ieter to the proper position

L. low I 150-160 nlkh. Since the rpgi_ n ,-f> ncern in these deterrninationq

'V-i'i IWOr 600 m4 , this malfunction had no effect on the values obtaiivd.

The series of compounds witf-,in the family of indolinobenzo-

spi rop.y rarus that show the largest r .tio of 1 -T/AA contain the 6' -ni-ro-

8' - ryietloxy substituents on the ben,;,pyran half of the molecule. Sub-

stituents on the Fischer's Base component seem to have little effect on

this value.

The half -lives (t,,,2 ) of thii : olored forms of all samples that

shO-wed-( re-asonable seiisitivity wire determined at room temperature

22'C) on a Beckma~n DU *;.'ctrophotomneter with the energy record-

tatt:act.hrnnt. 'J'ie (:aiculatioa of half-lives was made fromn two (2)

pointsk -;edn the ussurnptioi that the thermal fade followed first-

'_-rder kinetics.

Co'mpoundsi I. -ph'nyl. and 5-nitro substituents showed very

short and in many cass *a , surabh. LhaLf -lives. Substituents on Lt

-116- Best Available Copy



the Fischer's Base and benzopyrari halves have an effect on tl/ Man y

of these cornpounds wbose sensitivity wYas so low as not to warrant the

half-life detieri-nination were observed by the eye to be quite fast.

4.5. Study. of the benzo-$-na htha!piropyas - Many com-

pounds having the basic, structure 11 ind .111 ieaci with. ultraviolet, light

to p r odUuceP a. colored form exhibiting a very broad. visible-absorption

spectrum. (Figure 38)i

Dibenzopiropyran 'Benzo-0-ahhsioya

The efficiency of color, formation appears substantially les's among mnem-

bers of these grouips tha n among .ind~linobenzospirop yrans. 'The. fact

that, neutral or nea r-neutral density i8produced when coipud analo

goius, to IX and, 11, a re exposed to. Ultraviolet radiation io sufficiezit~reason

to explore these'compounds-to determine if any increase in efficiency

can be obtained. Certainly, use of~a single material to obtain coinplete

protection from visible, radiation is more desirable than erployrnent of

several compounds in conjunction with permAnent filt%;rs for this samne

ptotection. Very, little experimental workt on' compounds* of type IT and III

has been done in the past.

In order, to obtain some understanding of -the properties of

m aterials of this type, a single compound tIV) was selected and examined

for photochromic properties in a series of solvents. The structure for-

this compound is given below.

UI

(3 -phenyl- 81 -nmethoxty- 7'-nitro-beuizo -O naplbthospir-opyran)



Figure 38

Absorption. -Spectrum. of, 3 -phanyl'
&'inethc~cy-7' -rntb 4o'pnph-

thospiropyran in, p-dioxcane at ZS"

1.0 cm, cell :5. OXO 3M.

()Before Exposure. to. UIV
(2) After Exposure to UV.

0.6

Ua

e0.4

0.

Wavelength (mp.)



4. 5.1. Test~ing procedure., A esi-11i amount of the sample

compound was placed in a lyrex test tube and dissolved in the solvent

to be tested. The sample solution was irradiated under a mercury vapor

arc lamp. Each sample solution war. examined for the following ieaturest

Color of the solution before irradiation: qualitative, relative dendityo

the coloration: and qualitative rate of color fade afte1y the Irradiation,

The purpose of this qualitative study wag toi disclose, if possible,

the solvent or class of solvents which most favored phto'hronism in

the selected compound.. Marked variation in the photochromnic properties

.was., observed as. the solvent was. changed. A sample, solution,.pre -
pared with p-dioxane as solvent, - produced the greatest am ount of color,

In general, solvents containing etherlinkages 9favo red the phototrans-

formation more. than other types. 'Table 17 provides a l~st of. thle Sot-

vents tested to date.

4. 5,2~. Work done ini f i lm -fo ming Mate-rials, - Compound IV

has-been placed in several fln-forrning materials and was -found tobe

P hotochromic. Ethyl cellulose, N-50 viscosity grade and N-1.00
vicst rad were dissolved in p-ixane at several concentrations.

An equal quniyo opudIwsadd to each solution. When

the solutiOns 'were ex~posed' to ultraviolet radiati'on, t ey-canged lirlm

light yellow to red-gray. Solutions containing the highest -percent of

cellulose lost the color fater than those of less concentration prepa fed

from the same viscosity grade and color fade. was faster in the lower

viscosity grade than in the higher grade. (See. Table 18')

Compound IV was found to be photochromic in polymeric solutions

of polyvinyl chloride, Styron 689, and polyv inylpyr rollidone. Ciu~e

laminates prepared fromi Compound IV in the following polymeric. solu-

tions in p-dioxane were photochromic when exposed to the flash of a

Braun "Hobby" unit: polyvinyl chloride tGeon Resin, B. F. Goodich,

400 x 740); ethyl hydroxyethyl cellulose (EHEG High, Hercules); and

Styron 689 (Dow). The laminate containing the ethyl hydroxyethyl collu-

lose seemed to give the largest amnount of color of'the sev~eral laminates

pr eparedt



'rABLF 17

Exarrnination of 3-phenyl-S .- methnxy- 7'-

mktrobeni'o - 3- napiitho iijpiropyrari in various soalvents

Sovet ouceColar Color Color
Sovet ouc before UJV alfter UJV fade

*Chloroform (Fisher, Fisher yel gray S
C 574)

Carbon tetrachioride Fisher V. Li rg

Nitrobenzenie Fisher N-91 ye' No -C

Decalin Eastman P'1905 Te -

Acetonitrile Sohio (c rude ye-No

p-oxneM. C. andB.. 347 yl*-,VS.

N, N-Din"e thyllormamnide M". C. and D. 53974 yel greert-g MF

Silicone -Flutd .A-. M. Thomnas 6407j, clear pur r.: S

O-dioilorobe nzene- Zata 49C4 yel-- M

H-alocarbon .6il 11-14 Halocarbon-Prodi. clear N- C

Methylcyclohexane Eastman~ S 9,46 clear ME,

)oriecene oxide B~eco Chem FMC. Ie gV

*Caproic Acid, yel, N-C.

*n*-hexane M. C. and B. 5093 4e1  r-g.

C yeohexanone Eastmnan. 972 yaI X-C

10 c.-styl oxide Eastman T 582 yel C

.3-Dichloro.-p-dioxane Eastman. 3603 bkue* N'.C

Naphtha solvent Fisher N-3 clear r-g S

cthyl plthalate jFisher E-162 ye1 gray VF

Ccelluflex GEF Celanese yei N-C

ii-.hex'l etber Carbide and Carb- Vel pu r ppt.

Lthyl ether Ti ah er T- 13 3 yet g-blarb1 P)3

Et~hyl Acetale Y e N-C.
1,__ __ ye).I i. u



TABLE 17, LEGEND

The symbols used in Table 17 (previous page) are explained

belows

Colorsm Color Disappearance

r-g red-gray S Slow

F =Fast

pur purple
I -VS Very Slw

N-C : no color MP -Moderately Fant

change V Fs

VIPI -eyFat
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4, 6. Thermal color disappearance in a Photochromic filtez

At the outset of tbis contract solutions of several available Spiropirran

compounds were capable of becoming deeply colored when exposed to

ultraviolet radiation and thermally decolorized within several seconds

after removal of the radiating source. It was of interest to study the

thermal reversibility of these photochrdmxic compounds in polymeric

media in connectioia with their potential use in eye protection systems.

It has been shown that these compounds in polymeric media do color

deeply under ultraviolet radiation and thermally decolor in very short

times, a highly desirable property where eye protection is to be applied

to air crew perdonnel.

One suihcompound, 1-phenyl-51 .broxmo-6' .-nitro-S81 -rnethoxy~indotitb--

*benkbspi'ropyranwa diiscib.edOiiania~rylb&-B U-AesityA of ~tue.
fIhe solutio n wasa placed-betwedn glasis plates and hea~ted from ten to

twenty minutes in an oven then cooled to room tdmpoaratise A qtkantia-

tive study was made of the thermal color loss in'this filter by reording-

the aboorbarice at the visible Xrnax versus time at three tempel'atreis.

Those data were plotted as absorbance versus tirne and as -log
(At A )verss tme i F~ure 9. t 20 oe eet-epreto

the color had fadod within three seconds and the filter had completely

changed from the colored (clos~ed) condition to the transparent condit .Ion

in approximately teni seconds.



Figure 39

Therrml Color Disappearaoce
Filter 1973-23B

0.6 Measured- at )hmax

0.4

40* I .*I

0 4 8 -21
tirne (sec.)

Z. a4

First-order Rate Plot
Thermal Color Dioappearance

180* Filter 1973-23B

1.8

Ar t., alf (soec.)
V. 100 3.3

0 5* 1.3
40* 0.3

0. )

time (Stec,



5, EYE PROTECTION PROBLEMS

5. 1. Discussion on~sl-teutn ey.-I)otective filter.%- Many

people have had the opinion that the ultimate goal in eye protection against

nuclear explosions would be the development of a self -attenuating system.

The motive force for the operation of such a system would be the radiant

energy from the. nuclear explosion. Based upon present available data

for electromagnetic radiation emitted from nuclear flashes, it is the

opinion of NCR that current photochromic materials lack the necessar'y

sensitivity to function st:tisfactorily- as self -attenuating filters. There is..

unquestionably', enough ultraviolet-energy released from a nuclear detona-

tion to activate tbe' phot~chr'omlc dy~es, but not Th a. sufficiintly -short-

period of time (pe'rhaps, 50 to.100 rnicrosecon6ds) to p otact the ey

adequately from the intense al ih emitted from the nuclear device.

Therefore, an auxiliary system has been proppsed for the activation of

the photo'chromnic materials to insure rapid closure, of the filter to a good

protective density.

It is the opinion of NCR that current photochromic materils can-

not function as self-attenuating filters to provide, the necessary protection

against nuclear flashes. However, it may be possible to use photochromic

materials in self -attenuating filters where the time of closure'and density

requirement are not so stringent for the applicatioli.

In this section, a simplified analysis of a self -attenuating chemical-

switch device will be presented. This .presentation is intended only to be

an approximate approach to the eye protection problem involving nuclear

*detonations and to lend some thought to the critical pioblem for a self -

* attenuating filter.

There is some indication that for effective eye protection against

nuclear weapons a. dynamic light-filter should reach its maximum optical
-4

den s ity in a time period no later than 10 seconds after the initial de-

tonation. During this period of time there ic a rapid increase in the

rate of emhission of tj'.rmal radiation from the fireball. Let us assume
-4

that the maximumn valuie is reached in approximately 10- seconds, at

which tim-e the qturface temperature of the fireball is about 14, 000 0 K.

-1 Z5-



In genexal, the total rate of ernisfioo oi radiation %will te the
product of the intensity of thermal radiation and the surface area of the
fireball, oi-

Q=4-iTrr (76)

where Q the total rate of emisziion of thermal radiation

r -zradius of fireball, and

is th4- intensity of radiation at the fireball' s surface.

if th~e assumption is made that during -the first 100 micr~oseconds
* ~ icreadesinearly With timej henj't c be w tn-that

in which Es= the total energy -emitted- by the -fireball in, time t. The'
values of 0 Q,,r, and I-are naw those for these parameters at tiirie t.

The! ttefain-Boltzmann law for black-body radiation uiates that-:

Is roT. (78)'

wherein T' the absolute temperature of the surface of the fireball at..

time t, and

a 5. 7 x10 wa tts

By combining equations (77) and (78) the following ekpre asion'ca ibe
written for E

B4

Es 2na? r ta T (79)-

At a distance R from ground zero, a set of gogglasq with a normal
surface area S will receive S/4TT R of the total fireball energy in time t.
If, at presen-t, atmospheric absorption is neglected, then equation (79) can

F rtaTS (80)

uin wnach E. the total incident energy impinging orn the gogglee in tiame t.

If the va3.uce of E. T and S a re known, tfie total numbe r of quianta, n, that



strilKe the filter Can, in theory, be calculated by integration of Planck' s

equation for the distrib-ation of energies in a black-body radiator. H-ow-

ever, for thje sake of sim.'plicity, the value of n will be approximated in

the following manner.

The total radiant energy incident on the filter will be looked upon

as being made up of ni photons, each of which tarries energy, hD . In

this came, "a is some type of "average" frequency and h is Planck' 9

constant. Therefore, the total incident -energy is

an (84)
2taRZ

l he fo~lovwiijg reasons are cited to indicate why all of the i photonsJ

~ il~~ b\abeto caulte a: photochemica hage in the light filter:.'

(1) Somre of th ese. phot one will not. reach the filter due to- atmo -

spheric absorption,

(2) 'Somne of the photons 'will ribt be absorbed by. the phototropic'

material.

photochemical chane

(4) fnyaraction of h ph'otons which are, absorebyteciv

elements in the device will be effective in the switching, since

the quantumn efficiency will probably be less than unity.

The number of molecules, m, that will be switched in timne t, will

be only a fraction, q, of the theoretical number of impinging photons and

can be expressed as

m q n qrtTS (83)
2h v

rhe optical density or absorbance. A. is defined as

A = c cl, (84)

in which
miolar extinction coefficient per unit path length,

c m-olar conceatration, and
path length oir filter thickness.



An~ expresion can now b2 written for thp absorbance, A, as

IS __ (6

in which N representis Avogadro: number. The following equation is

obtained by combining equations (83) and (85)

A - qr ta T 4

A =R

Let us now consider a specific case of an observer 10, 000 feet-

away from grounid zero of a 20 kiloton nuclear explosion. Under these

conditions, let us calculaic the optical density, A, that a dynarnic self -

attenuating filter will fjave after 10 secoidu, ThIa following numerical

value a are needed for the solution of equation (87)::

T 14, 0000 K (Approximate surface temperature of fireball-At -- -I

-44

r 0feet. (Radius of fireball at 10- second)

t=10 Sec.
1Z z Watts

CY = 5. 7x!0 -

-.cm. 2 degree-*
or 5te ? Cml.

e=5 x 10' olTe- o ~ rol 5 (Approximnate
value for photo -

N=6. O x 10 2a molecules/mole cxoi ys

h = 6. 6x i0"34watt sec. 2

R = 10, 000 feet (Slant range)
-4VaZ.7x10 sec. -1(Estimnated from General Electric Radiation

Calculator)

q ~'0. 45 molecule a/quantumn (Thiia value was obtained by assuming
that the average surface temperature
o'_f the fireball duving the firut 100
mfi?'roseconda :;@ dprxrnate1v 9500oK.
Theni abeixt 501 , orccrtt of the radiation
'Will lie of tile proper wavelongths to be
.-ffective in kphotocherni cal awitc~hing,
It was also ancurned that. I0 percent of
c.his i-adiat".1. is abfsoibed' by the 'A.Lanos
ph, -c a-nd tha t thr-- quai-,um rAffcincy obf

very optirk)O1riti.c: C-.Oinxat', )



BF-ed upon these values and equation 187), an c:ptical. de;nsity, A, , ks

cnalculatcd to b 2.. 2 x 10- for this example. This value for the optical

density ic. smaller by a .factor of ove, 100 than the in-inim.ii optical density

that is generally believed to be needed to afford adequate eye protection.

The numerical values of tho pararnete-s that were Used in

equation (87) were, when necessary, estimated in a rnannei' so as to

give a higher value of optical density than would actually be obtained.

The quantum efficiency in coloring photochromic materials is, in general,

much less than unity. Moreover, it is probable that more than 10 percent

of the ultraviolet radiation, which is the radiation needed to color the

filter, will be absorbed by the atmosphere. A nuclear fireball, also,.

does not behave like a perfect black-body radiator. Therefore, less

radiation even than that calculated would actually be available to initiateSprocess

- If an. optical density of 2, 2 were required Within 100 miicroseconds,
6then a material with-an 'nipo slbly high-extinct i on coefficiont o 5X 0

liter/mole cm. would be necessary. z

If the observer were closer than 10,000 feet from. ground zero

then a highe'r optical density could be expected since the radiation flux

would be greater.. At 5, 000 feet, for example, an optical density in

the filter -of approwdmatel1O. I could be expeieted wi.thin 100 microseconds.

At distances closer than 5, 000 feet, other hazardous-effects from the

nuclear bomb will probably become more important than eye protection.

Although the first thermal pulse generates radiation of very high

F intensity, its duration is comparatively short. - Therefore, although the

intensity of radiation in the first 100 microseconds is probably great

enough to cause flashblindness an*d produce retinal burns, the radiant

energy in this period of time, comprises only a small fraction of the total

radiant energy of the niclear explosion. It appears that the photon flux

from the i-rst pulse is too small to col.or significantly the filter.

If q was greater than unity (resulting from a quantum efficiency

greater one), one photon c:ou1d initiate a reaction tnat would color xnore

that, one roolecule, Aseurning this amnplificxtion to be large enough, self-
activation might be a fcasible resul. 1'a this caie, however, the process

- 129--



'voiud 'be ii-. sve riiil aid it remnains douibtf~ul a~ to v:-lc n~ ~~ipe
techniques could change the phubt)Chrom-ic iiiatnrial baick~ to itti Original

uncolored forva,

A photopolyrnerization system night, indeed, provide the amplifi-

cation needed for self-activation but once the polymer was formied, it

would not be easy to change it back to the original tr-norneric sy~tem.

A photopolymnerizatlon system might in all likelyhood have too long an

induction period for rapid closure of the filter.

5. Z. Self -attenuating sunglasses. - In this sectiot),_a simplified

analysis of a self -attenu(ating .tiunglass systorm, using a chemicaim-ewitch

principle, wil.l be prcnented. The general approach to this problem will.

*be analagous to that described in the prevJis Section. WffeCtz'Of.

"fatigue", simuWLtneous heat erazur6- and other allied. problemv will

*not be considered,

if sunlight of intenisity, 1, is inicident ori suriglasses of ai'ea, S.

*for time, t, theni th~e total energy, E., impinging on the glasse's can be
expressed by the fOllowingj equation:

E t IS. (88)

.i ~If this energy is imagined to be composed of nquanta of average

frequency, 1'a, then

tor (89)

hoa

Again, only a fraction, q, of these photons will be effective in

producing chemical switching. Equ~ation (13() can then be modified to

give the exprefssoflqt* (0

q t I I
m =c; q l '" 9)

ino hik i h-nrw r fr4c e ,fin , B o bnn
equaiors (8) ad 10) he flloing xprruiu isobtane~.11

A~



_eUt %s now take a .- jj, xrxqlc an,:1 u , equ.ticin (91) to

CalC~late the tire! En ed &1 to have th. F.ia ase ea l. an opti;Cz ,-tn.8L ty

of /. 0 '1b1e min,-ica! values used n th. tolution of equation (91) arc
1i t dbelow:

h = 6x erg sec.
23

N & 6.0 x 10 molecules/mole
A 2,0

5 x 10 r. /mole
I 10 ergs/cr. ec. (.Estimated fkoim the aoa-r constant by

assuming thblt appro.drmately 30 porcent
of sunlight is absorbed by the atmospheere)

10 sec,
-3

q -- 8. 5 x 10 molecules/quanturn

Assuming the sun to have an effective black-body temperature of 57600(,

then about 17 percent of the total energy will consist o.:quakita which can

be effectively used to color photochromic materials (i.e., wavelengths of.

light leso. than 435 millimicrons). If the quantumn effieieny is estimat6 I
at 0, 05, then q C2 0. 17 x 0. 05 or 8.5 x 10 ' moleculb's/photon.- By sub-'

Stituting these values into equation 16, it ir calculated that tha time re.

quired for the self-attenuating sunglasses to obtain an optical density of

2. 0 is approximately 20 seconds.

5 3. Response time of photochromic material. - In the presently

studied eye-protective system, a tlashtube is triggered in a very short

time after the flash from a nuclear detonation is electronically detected.

The ultraviolet light from the flashtube colors a photochromic mateliai

which in turn filters the intense visible (and ultraviolet) radiations from

the remainder of the nuclear blast.

One of the requirements for an eye-protective device against

thermal radiation from nuclear bombs is a rapid closurc time, At

the present state of the arl, the closure time of photochromic goggles is

II dhu -r-nge Of 110 _ 125 microseconds,

It may be considered that the closure titrie of photochromic

goggles will be dependent upon the response time of the photochromic

rntte riaL). fowevr'r, it can be tilhown thtd. the reelootuti Uie of the

- 1 31-



jyhotochromnlc minIri~al is dependoent apoll 1hat for the (Vl shtitbe. Tlle

re tponse or rie Girop~ of the eniergy from the faahiuhe iA tbce slow op

ivi tht, cloiure of Che plioiochrowic goggle i.

There appcara to be rio real goad spectral d.atA avaiable for

the ultravio1e" output of~ flaskitubes. Neverthelefis, it seemsa likely that

data showing the efficiency of the spectral distribution of -ultraviolet

light in coluring photochromic m raterials would be very helpful. In rnore,

thoroughly analyziag the light-coupling problein. Perhap s, a determina-

tion of the spectral efficiemcy of -ultraviolet light, especially that wh~ich

corresponda to the wavelengths of the rnor prominent mercury lInes,

in coloring the photochromiic materials will be sufficient, Dai ot this

neAture haercntly been obtained and are prekiented in an earlier section
of this report,

Excperimentally* determined responsee times" optical density

versus time, of a.photo chrorai' c coating are' shown In'Figure 40. Ti

response curve wvas measlured With a 3-inch, Xenon- flashtube, supplied.

by Edgerton, Germeshausen and Grier, Inc. , Boston, Mass,) The

ultraviolet light produced by this flashtube was used to color the photo..

chrom~ic. material, The flashtubi- was triggered with, 1800 volts from a

100 rnicrofara4, oil-filled cap'acitor employing 5 -foot lead. wires. T .he

optical density produced in the -photochrornic rnatorial on a quartz wedge

does no~t necessarily represent rnax~inum density of the material. The

r Is* tivne of the flashtube is presented irt Figue 41.

An empirical equation which describes approximately the output

of a flashtuhe that is used to produce the ultraviolet energy for coloring

photochronice filters can be expressed as

I~ kt~" _ x [z(.tT (92)

in which

I '~intenity of fia~htuIbe output tat tism t,

V itonsty of fluAhtubc- output at tizoe V, ?.ndi
ii ue tifyt of L.I hui . t, hetime twic h I.rmint~-het ihlc velche
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A plot of equation (92), li/ versus t/r., is maide in Figure 411, Using
M

55 microseconds for the value Of Tr, equation (92) is cr', 1M'C

Figure 41 to the flashtube output curve', whicn was expe rime ntAfty

determined.

It has been e xperime ntally observed that under the condition

when most of the incident light is absorbed by the colorleva species,

then the rate of color formation may adequately be described as a first-

order reaction with respect to both concentration of the colorless formv

and intensity of the incident light. Such is the caae of many photochro~mic

fi].mn and solutions presently being used in eye-protective devices. The

rate of color formation may be expressed as

Mi k1( A-)(93)
FJ AM~

wherein

A =optical density of colored photochromik speciost.
A M =expected optical density if all of the'photochromic

iaterial were converted to the t olcred form; and
k an efficiency facter which includes the fraction of light

of proper wavelengths to cause switching and that hits

the filto.r, the fraction of light a ,bsorbed by the photo-

chroynif. material, and the quantum~ efficiency of the,
photochemical process.

By combining equation. (93) and (n2) and integrating the resulting

expression, one obtains

A.L M )~J (94)

Equation 94 can be rewritten generally as

where
E = the total energy output of the fla4A;htubc, andM

Ao-the cxpr-iriotaly observed coptic:.1 density w'bich the
filter reachesb after thi- completion. of the f13 sh

-135-
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A ,., :malted plot of equation (95), A/.A.m. ver-,ie r !r, fo-r :ix

41ifterent vajives of kE M is xriadc in Figurn 43. Thc li irting cur- ,c 4..

for a value of kE 1es than 0. 1 and represents the plowest ponsible

rerpons.z. In Yigure 40 ca.culat.ed vatueo from equation J95) airc corn-

parced to the experimntal d-.ta. In making these calculations, the

following values of parameter:J were used:

i= 55 microseconds, A, - 0. 375, and kE 1.9661

It should be pointed out that the mathematical expressions are

based upon several assumptions and litmited experimental data. Never-

theless,; it is believed that these equations and, in particular, the

normalized ploto shown in Figures 42 and 43 can be used to predict

the ikise times of flashtubes needed to insure a given closure time for

the photochromic filters,

If the intensity of the visible radiation from the fireball, that is

incident on the photochromic filter, is known as a function of time, then

calculations could be made as to the amount of visible light that tr-ns-

mitted through the filter and incident or. the Cye. & ron the Beer-Lambert

law

It ' T , d , R) -I (V0 , T. d, R),10 "

~ (96)

where

I (t, T, d, R) = It  Transmitted intensity of visible radiation

from the fireball, through the filter, 1 13

a function of time after detonation tt'), the

surface temperature of the fireball (T), the

fireball diamieter (d) and the distance from

the fireball (R).

.(V'T, d, i) I. Incident intens-.ty of visible radiation from

the firfthall inpinging on he photochromic

filter.

If the floa h tube is trigger.d at a Utiof CA, afte r the iom it' ,ctonated,
t~~t-. - 4 1

'Frorn equ tionC. (95), (96) and i97 ),

-i3Y
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Thcrefore, if a.ccurate inf ormation concerning the fireball becomes

available, the Calcu~lation of the light transmitted through the photochromic

filter as a function of time can be accomplished.

V
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qiynth,!.ic work under thte contract was kcpt at a r3iininh-uw siuce the

major emphasis of the contract was to ctudy in detail v rrious aspects oi

the photochromic mechanism in spiropyrans. Only such syntheses which

could h.lp elucidate the structural requirements for photochromic behavior

or could substanlially nnhance certain desirable properties (quantum yield,

extinction coefficients, rate of thermal fade, etc.) of the spiropyrans

were attempted.

The following syntheses and attempted syntheses therefore fall into--

two groupst 1) Variations in substituenta on the parent indolinobenzo-

spiropyran to determine the effect of such subatituents on overall sensitivity

(amount of coloration produced for a given amount of UV irradiation) and

2) Basic structural variations on the spiropyran molecule.

6. 1. Variations in.substituents. - The work done in the latter months

of the previous contract (AF 41 (657)-Z15) and variou. references' in' the litera-

ture gave an indication tha.t some significant changes in the characteristics

of the indolinobenzospiropyrana mih& be obtained if various substituents

other than the methyl groups were dontained at the "3"' position. Conse-

quently various indolines were prepared which contained either an aryl and

an alkyl group or. two aryl groups in this position. Indolinobenzospiropyrans

were prepared from these indolines and preliminary tests indicated that a

moderate increase in sensitivity had been achieved,

It was then decided to determine whether this was a steric or an

electronic effect. To determine this the syntheses of indolines containing

an electron withdrawing group and iin electron donating group on the 3-phenyl

substituent were started. These indolines have not yet been successfully

prepared and an analysis of the effects is therefore not available.
.A scond indication for synthetic work also came from the analytical

program. It was noted that indolinobcnzospiropyrans which contained the 5-

nitro substituku1. we re very,'ni.ive and had fast fade rates. Very few 5.

nitroJ aubstitutcd compoundi were avaiiablp for tenting so a hort oynthotic

program was started to ^arri,;h a ?ufficiect iiumber of such cornip undo and

similar Componnd'U so that their genet'ol characterirtics could be determined.

- 3.40o-
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: In 500 ml. round bottom flask were placed 63 g. (0. 31 mole) of

ben -il, 90 g. (0, 96 mole) of aniline and I drop of hydrochloric acid and 'the

mixture was heated for an hour at 160-l700 in a carbon dioxide stream. The

brown oily melt was stirred in ethanol and upon scratching a lar['+ quantity

of yellow crystals formed, which consisted of 60 g. of dianil contaminated

with monoanil. "rhrough recrystalization from ethanol, in which the dianil

was mch less soluble than the n-onoanil, 38 g. of ber~zil dianlt (II) was

obtainedl with a meting point of 139-14Z .

A suspension of 33 g. (0. 089 mole) of benzil dianil in 100 td,

of ether was added to a solution of 0. 3 mole of rmethyl magnesium bromide

in 100 nl. of ether. The solution was refluxed for 3 hours and then decom-

posed by pouring into water. :the water solution warn extracted'with .ther

and 1.] g. of a yellow solid (melting point of 147-1538) wan obtained fren the

ether layoz. This was identified as e-r ethyl-ailinobeni, anil (hfI),

The 11 g, (0. 03 mole) of o -methyl-L -anilinoben~i aniil waa added

to 200 ,, +.. ,,+f 12% hydrochloric acid and rciluxcd for i hour. The hydro :'hlorido

wa.-: obt ioed' an a white soli d with a c 'lti&g point of 13f,-141P This hy-alo--

chir1] l,.'s di.n+.oived Jr, ethanoi, w,,t *.r wvan add! rind 7 g+. o5 yellow :islid

,.J]i nelting point vi .14l-. AZ wvan obtains'4 a~nd identified as o.+.'neA:hyl. a .

ai , ii nole goxybenioJ iv(V).
01 W 1



In a tOO ini. rovnd hotitcrac(I klaFk w.c ce placed 7 g. (0. 024 u~iil)I

o a niethyl~ - anind~xhnon 17 g. (0 . 111) of a7iline, and 1 5 g.

(0. 015 mole) of anilil)chydroclhJoride. Th(- solftiion wasi heated to 17W" (o-r

3 hours, roolekd to ternperature and washed with water several times to

yield 3 g. of white powder with a melting point of 144-146' which was

identified as 2 -phenyl-3 -mxethvl -3 -pienylindolenine- (V).

This 2.-phenyl-3-inethyl-3--phcnyiidolenine was methiylated by

refluxing with methyliodide for three hours. The yellow solid obtained wag.

recrystallized from acetone--ether to give 1. 6 g. of yelAlow crystals with a

melting point of 22236 which was idenitified as 1, 2-diinethyl1-3, 3-diphenyl-

indoliniurn iodide. This iodide was decomnposed with bane, extracted with

ether to yield a light green oil which was identified as I-uiethyl-Z-methylene-

3, 3-diphenylindoline (V a by condensation With various salicylaldehydes.



ni truirido line.iyi -~pc.4
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A 5. 8 g. sample of -methyl--methylene-3-phe.-ryy-3-i-

propylindoline was added to 5i g. of sulfuric acid holding the temperature

below 50. The solution was cooled to 15* and 1. 5 g. of nitric acid (d - 1, 5)

was added at a rate to maintain the temperature of the solution below ZO* C.

It was allowed to stand one hour at room temperature, then poured into ice

water. On neutralizing with sodium hydroxide, 5 g. of -methy-Z-rnethylene-

3-phenyl-3-n-propyl-5-nitroindoline was obtained as a yellow solid.

J
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1, 3 -dim-e thyl-3-phenyl.-2-methyleneindoiine (31 g. ;0. 13 -mole i).
48 g. (0, 25 mole) of n-butyl iodide, and 35 g. of n-butyl alcohol were

reacted in an autoclave for five hours at 130. The pin~k solid -obtalned was
recrystallized from ethanol to giv e a melting point of ZZI.. 217.1 Trhis iodide
was decomp osed with base, extracted with ether, and the product~ was

di~iled t ?5140/03-. -7 Mm. to0 yie-l 7. fi-nty-phehyl-3-n-

pentyl- Z -methyleneindoline.
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A 100 t(? 40 6 nolt rmnrple wf 4,nueaox propiophtiLo~w jAldr-icla

Chernical Co~.) ,nd '71 g. 0. 64 moh,) of p~henyhylyn2l w'ere refiuxod in 1#30 l

of 95% eilyan(A Confivi . 1ewv dirops t:4 glcactic ac-id tior 30 tninute-L. The

reaction mnixture was conle6 and the proekict wz~ rexmwed by bltraLiot.i arid

recrystalized from ethanoi to give 53 g. (0. 2 mole, 301/ yield) of the hydr~tzone.

This hydrazone was refluxed focr 30 mninutes in 2 N rilturic aciod.

The reaction mixrture was cooled and filtered anid the product was recr'yvtiUilirc4

from ethanol to give 32 g. (0. 135 inole, 67. 5% yield) of Z-(p-rnethoXypheXny1)-

3-methyl indole; m. p. 126-127w .

Anal., Calc-d. for C16 H, 6 NO, C. 80. 98; 1-, 6. 3

Found- C, 8 1. Z; H, 6. 1

A30. 0 g. (O, 127 mole) sample of Z-(tp-rnethox sleyl)3krehli

indole was heated to 1Z5* for'fi-ve hours in an autotlave with 54 g".(0i.38 -mole)

of methyl, fodide- and, 30 MLd of methanol. Th.o reaction mixture was wrashed with

ac-etonew and filtiered-to -give S. I g. (0. 025 -mole. 16% yield) of what was

asolumed'to be 1, 3, 3-tritnethyl-Z-(p-methoxyphenyl) .indolemmnurn iodide, m. p.

2O3-205o.

A small portion of this indoleninur i cdide was heated above its

malting point to cause it tD rearrange to the 1, 2. 3-trirehyl-3-p-rrethoxv'-

phenyl) indolaninium iodide salt. The resulting melt was treated with base

and extracted with ether. The ether extract was evaporated anid the residue

was refhixed with a small amount of 5- nitro salicylaldehyde. No photochrnrnic

product could be found In this reaction mixture. It was then concluded that

no rearrangement had occurred on heating the indoleninurn salt.

A second small pnrtinn of the 1, 3, 3-tri methyl-i.'(p-rmethoxypheni.)

indoleniniurn iodide wao treated with base and extracted with ether. An IR

spectrurn of the dried and evaporated ether extract tnhowod -a strong 04H

absorption ba! J iadkicaing that the produrt it; probably the 1, 3, 3-trimiethyl-



Second attemptod prepavation of the desired in.Ioline waz thoo

tried.

H SI

\= (cP,1IUTNO I& NKS

H3I

Using the method of G. G. Smith(I3)] 66 g. (1.0 mole) of p-rnethoxy-
phenylacetic, acid (Matheson, Coleman and Bell, m. p. 8.-87') was dieaolved

in 400 g. of pyridine and 970 g. of acetic anhydridte in a Z-liter 3-necked

(1aak fitted with a thermomneter, a mechanical stirrer and a reflu.r condenaer

which wax fitted with a drying tube. The well stirred mixture was heated at

12.5+|30* for 78 houra. The pyridinz and vinreacted acetic anhydride were

removed under vacuum and the reeidue wan hydrolyzed vith. aquemoun o~diu

hy!rod. The hydrolysmixtus ni v; "v w ezranaried with ether, Tbeth: eber e!t.ract

wa evapruited And dis(illod. to givo 61 g. (0,40$ inole, 10%ye-d oyi reIdle

ani~y1ceton~z, b..p, i3Z-140"/ ag-,. Lit. valie 117- 1Z+ /5- £:D n. Va.lve ;hh).
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A 44 g. (0. 405 knole) poricn (A phf~yj-y- azint! and 61 g. (0,. 405

nli~lk ) Of aI~jYh1t~Ione wrr reflujxed fo I hour in 15 mi. of eth'ano) comtain~ig
few drops of cCetic acid., Thb, re, action riirt-r- war, cooled and. treate. with: a

large volumc, of watr which caused the fornat.ion of two layera. The organic
layer was drawn otf and vacuum distilled to give Z1 Y, (0. 035 mole. Z1% yield)
of what wan assuend to be a-,nethyl'.3-(p..retho~xyphenyl) indole., b. p.

205-110, /1 rim.

The Z-rnethy.-3-(p-methoxyphenyl) indole was methylated in the

usual manner with 3 equivalents of methyl iodide in an.awtoclave at 125', the
salt obtained was decomposed with base and distilled but has not yet besn

characterized.



A 500 ml. thiae-nrecked. flask was fitted tha ehclfrra

- - -- secaled stirrer, a thermometer, adjasted so that the bulb @Otod~ .. k the-l

reactants, and a. refhux condenser.-A mrixture of 54. Q-g (0'. n mole) of

- p-iafitro-*phenyj*,detId ici4, 120 g. (1.5-moles).of p~yridine AxIdZ90 g, (Z,85.-'

m~oles) of Acetic aniqdride wai heited wiith stijrring foi a eidofi

hou~rsa Z(' Thep pridirie and excess ;aeic a yri~wr reOvT3 b~

* - vacuum distillatior. -Firctional vacuum. distillation of th* 'e~dm yeded

-* -thi*4nol acetae 01 1-iitopenyl)Z-popanone.. An attempteud alkilfine

hydrolysis to the ketorte: resulted ini the lOtso the cornpound.



rc~~A ofo~~ in i'A~o~~pi~y~.Table 3.9 lis~t s. th( oLie~r ESpiT'opyran

prpy-'d rg z ! if 5 co chir4,6 -itoid1ioe

To a solution 0± 6. 6 g~of 5 -nitro salicylaldehyde in 50 rtl. of

95% ethaknol was afted 10 g. af 1, 3, 3-trixnethyl-Z-methylene-5-chloro-6-niitro

indoline. The reaulting mixture was refluxced for two hours. The reaction

mnixtdio was cooled and the precipitate which forjmed was ienmoved by

filtration anid recrystallized from ethAnol.1 This gave 5-chloro-6, 61 -dinitro

indolnobenmospiropyran with a m. p. of 249 - 2500 .

Anal, Calcd. for C, 9 1 6NS 5 CI C 56. 79: H,4. 01

Ffoundi .,5 6. 9. 11,4. 0
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£fri;)ratim- of 8 -no thox'j- poy-3 - 1rorno- 6 1 -nro --8' -rn4tboxy-

'syZ

This corripournd w as incorrectly .refgrz:pS1 to as~ 3-phenyl-8-methoxy-

5' -bromo-61 -nitiobento-P -ra~phthosp iopyr~n in Quarterly Report NoA. 1 oL

th e Contrac t

In a 125 ml, Erleiirne-al;ACUA W~ I YA- edl 3. ?ii ,(O. 01 mole) of.
3-methoxy-5-nitro-6boros c~adhde. and. Z' Z g. (0, 01 mole) of

3mtoc-Z .hydroxy iyl~- thWy1 rnethyl ketoile atid. 3 0 ml, of glacial

acetic acid. T'he- solution was tialhrateif with dry h1ydroger, chloride &nd allowed

to stand overnight-at room tempe ratu~re.
Greer. cr' ystale (,4. 5 . il f8% were obtained by filtering

and washing several times with other. The pyrylium salt -was hydrolymed

-;by di solving.in acetone and addina ammoniun-. h;'droxided until the solution

Ohaiged from blixe to yellow. The yllow solid obtained waecdecolorizecl

withNorite and recrystallized two Limes from an acetone-watr Efolution to

yield yellolv needles with a mrelting point of Z07-Z.09

Anal. Cale. for C3~s-1 1 N0 6 13r: C, 5 9 0 6; H-, 3,56

F'ound: C, 59). 3, H, 3.7



6.2 aqi>- mtructmralcagu Sevtra1 CO.ZrVlation.;"Pwe

Atructure andi photor~h -nijc propi YUrt lvavc been obs- rv~rdik I"Icu--"-

of previous inve--tigations of aie 4plrupyrans ;*nd it 4prrk%i~ed highly

advisai& tct quiickly survey several other irnmerlii toly Fpparcnt strucoural

variations before procecding too far with an evaluiation oi the ul~irate

~ttity of thev~ compotinds. The preoviously ohaecrved difference in

seetsitivity betwesm.r the Indoliio -3- naphthwspiropyran series (NIPS)
and the indolinobenzospiropyrari series (BIPS) suggetBat thati~

ijg C H' LI/

H3y H3

tPS Alps NIPS

a comparable change in sensitivity could be obtained in the indolino-

V espiropyran series (IPS)- The draz~atic change-in Themalfade rae -

produced by replacing* the 1 -methyl g-roup, with a'phanryl also led to.

spermlation c&dncerning the affact of it aimrA relcn.n ya c

group. A short review of the 'reparations ani resait& of thei e and

other structural variations is given in the following sections.



Ai~rt.'4 li thesis of indolinospiropyrane. Vorious attempts

WCTC M d tu sy1Itheq1zF incoivapiropyrAn (IVS) c.,mrpot~rds by rnethodlo

zrualogoq- to the ~ T)rtof, jiLSIPS compyl z~ Thle fow att Ampts

whoch hcId give a procit y~ided no phooli-i,.otrnc mAterial.

A ttempted prz,;aiation of 41, ,61- ha indaiosiropyran. -

CN3

A 3. 5 g. .(O.O 02nolo) sample of Fischer's D&e Wait refluxed thre

hours with 4, 5 g. (0, 02 mole) of dibenzoyl methane in~ ethanol,. ok~u

of the reaction mixture bv the~ uouai me tho~d used for SIPS prp~atc~

(sde L'ngimeering XAcporru and Final R(eport on Contract AF -4 1(6 57 )- 2 15) gave

no idex'tifiable product.

Thio reaction was unsuccessfully repeated with a 45 hr, reflux turre.

Other atternpte using basic conditions (sodlium rethoidde and triethylarnine

:;Elparately) were alwo uneuccessfuI.



Attepe prprto of4, -dpeyiolns roan.

40'

A 3. 01 g. (0. 01: mole) *kmple of 1, 2, 3, 3-tetriamthylindoleoninfumn io'dide

aild 2.2-5 g. (0). 01 mrole) of a -betil rnonmdme wer'e yefimoxd fmhur

eithancd in the preaence of 1. 0 g. (0. 01 rmole) .of triethylarine, -Th r nct

mictvve was evaporated to give a viscous mass which was, trituated with.

ether, The solid which iseparated on trli~ratken washed with. ther~anA

recrystallized from rlt~nl~looW~wskfdt idoleninium

iodide. The ether washings were evaporated And the residue wa~s purified

oi unreacted oxime by recrystallization from benzene to give 0,. ZS g. of a

bright yellow solid, m.p. 183-5", probably not the i.ssunied 4', 51 -diphenyl-

indolinnspirooxazine. This material was not photochromic but did give a

deep red melt.

Anal, CaIc d. fo r C23 H2,6Na 0: C, 8 2. 11 1-1, 6. 41 N, 7. 4

Fou~nd: G2, 74.8;, 1-, 6. 7; N, 6, 9
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Attenpted preparation of 5' -nitroindo.ino.riir., -

Hf ! C HO~N

A 3, 01 g. (0. 01 mole) sample of"l, Z' 3,3tetramethvltnir,4 it .

iodide and 1. 57 g. 10. 01 mole) ofsodiurn nitromalona~dlehyde weret'

for 1. 5 hours in 100 ml. of ethanol containing 1. 0 g. (0.0 Mo). Y of

triethylamine. The reactlin mixture was cooled to induce-preci q tion

and the crystalline product (0. 6, g.) was removed by filtratloiii4t-

washed on the filter with methanol. Recrystallization of 0' '0 .'O t .his

product from methanol gave 0. 18 g. of orange needles, in. p. -Z35 6,

of the assumed atructure whown above for 5' -nitroindoliiosplropyran.

This product was not photochromic.

Anal. Calcd. for C 3H 6 N20: C, 66. Z; H, 5. 9; N, 10. 3

Found. C. 65. 2; Il, 5. 7; 1q, .O. 3.

C, 65.4; H, 5, 8; N, 10.2.
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Preparation of 3, 3-di mat hyl- 6' - nitrolndolinobensospiropyran

., .;-C-c H,
C H,

NH 4 IC-C7H3

H3C CH3 HQ+CZOH (

A 3Z. 4 g. (0. 3 mole) mample m{ phbnyhyd? &sine and 498, r(0

mole) of methyl isopropyl ketone were refluxed for 4.. S-h a in:1.i1 --5.

absolute ethanol containing 10 drops of concentrated sulfuiric aOido'., 7 :

reaction mixture was filtered to romove insojubles and rbe iltrat."W*a

dried over molecular sieve. The dried solution was filtered and vanuum

distilled to give 34 g. of the hydrazone.

A 33. 5 g, (0.19 mole) sampl6 of this hydrazone was heated for I

hour on a stearn bath in 350 ml. of ZN sulfuric acid, The reaction mixture

was cooled, made alkaline and extracted with ether. The ether solution

was washed, dried, evaporated and distilled to give 16, 6 g, of 2, 3, 3-

trimethylindolenine in two fractions (n 28 1 5433 and 1. 5466).

A 1. 59 g. (0 ,01 mole) sample of 2, 3, 3-trimethylndolenine and 1. 67 g.

0. 01 molo) of 5-nitro salicylaldehyde were refluxed for Z hours in ethanol
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conta~iiung 30 tlrops 01, tvethylariin. The naxution via' cooled, filtered

and the product waf rCCTryfita11i4ed irm-rn Pthawo1 tu give 1. 6$ g. of Light,

-,:c 5'~i 0Vz. *, ?Ok §' - tQ7, tc h- the 3 i'~h~ -iA)

~.nd~iicnzocpya~.Tbis n-,attir -UlI wa~i not photo-chromic.

Anal. Ca) cd. for C, a II &N O~j; C, 70, 1; H-, S. Z; N, 9. 1

Foundi G, 69. 7; H, S. 3; 11,, 6. 6



A tt E~p. : oi .1 -a e ty. ) 1 ! -3- drn tal
iitr oindo linobtcnz, spir opyra. -

H ~CH. + - - -C- Hj>,.C "

ii IICli Hc cD. C_ H3 + H3C C C -- H3 -*---Hz-

Hf' -H 3 0 H 1-
• CH H

A 3. 18 g. (0. OZ mole) sampla of Z, 3, 3-trimethyllhdolenine, 1. 5 g.

of fused sodium acetate and 100 xl. of acetic anhydride were heated on a

steam bath in a 250 ml. flask fitted with a condenser and a drying tube.

After four hours the reaction mixture wac evaporated (still on steam bath)

with a water aspirator. The residue was taken up in ether and filtered,

The ether solution was washed, dried, evaporated and vacuum distillcd

to give 1. 65 g. of product which showed carbonyl absorption on infra-red

analysis and differed radically from the IR spectrum of the indolenine.

The assumed 1-acetyl-3, 3-dimethyl. 2-methyleneindoline (1. 58 g.

0. 008 mole) was refluxed with 1. 34 g. (0. 008 mole) of 5-nitrosalicylaldehyde

in 50 rr.l. of absolute ethanol for a period of 18 hours. Only a viscous red

residue remained on evaporation of the solvent from the reaction mixture,

Th.s re.di re!i.it, wan tkrn up in bonzene and the mixture was filtered to

give a b~ I Xhi. yul.uvi OV1~ ILA J. , s*4* ,5 S6 !, filAti T'-ii - a terial

wa4 not photochromic and by JR analysis was Jrikntical with the proeluct..

- . -



obt~iined from coide nia tion of 21, 3, 3 -trimethylindolenine and ~

nitK-o alicylaldehyde reported in Section 6. 1. 4. Evidently the acetyl

gioup had becn cleav.:d iii dhe reaction.

Anal. Calcd. for C, , "1I6 NZ O03 C, 70. 11; 14, 5. 2; N, 9. 1

Foundi C. 70. 2; 14 5. 2; N, 7. 4

6. 3. Conclusions on synthe-tic work. -The prelimninary investi-

gations of structural modifications described above have given no indica-

tion of photochromic properties in spiropyrans lackingrthe benzene ring

in the benzopyran half of the molecule or with the I - methyl group re-~

placed by a hydrogen. Attempts to replace the 1 -methyl group with

an acyl grovip have not been successful.

Thte syntheses involving leass radical changes, i. e., chaniges

only in substituents, produced moderate impr'ovement in various

functional properties. The photochromic compounds successfully,

prepared in this section are included in the table of compounds evaluated

in section 4. 4.
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