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1, INTRODUGTION

The pholochromic apirapyrans are @ group of organic compounds

characterized sirucinrally, as the name indicates, by a pyran ring which
contains a apiro carbon (usually in ihe posiiion orihe wo the pyranic oxygen)
and funciionally by their ability o ovndergo a change of color in solution
under ultraviolet irrvadiation. Figure I is the structural formoula of a
typical photochromic spirvopyran, specifically 1, 3, 3—trimethy1indblino«

benzospiropyvan, or BIPS,

;s'f:i,ﬁuregem_l”

There are several families of photochromic spiropyrans which are
differentiated by the particular ring systems joined by the si:iro-'carbon‘
atom, Within each family of spifopyrans it is possible to pkepare an
exiremely largé:___number of individual compounds by placing various sub-
stituents on the éromatic rings, Further variations have been ohtajned
{in this particular family) by replacing the methyl groups at the 1 and 3
positions with othér alkyl and aromatic groups, Analogous variations are

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

peasible in each farmily of photoc:hrom'ic -spiropyrans and the number of
families {(over ten families have been prepared and ¢valuated by NCR) it
is apparent that thers are potentially many thousands of photochromic
spiropyrane. Owver 500 spiropyrans bave actually been prepared and
evaiuated in the NCR laboratories and from this work bas coma 2 nambern
of genervalizations relating hasic sivucturs and substituents with photochromic
properiies, These genaralizstions will be presented below following a short
description of the photochyomic procass.

All photochrvomic spivopyrans thus far preporad are cryealline
sulids and are generally very lighily colored varying {rom white Lo pale or
madivin green {(though some highly coloved covapounds have been prepaved).

Whan 2 spiropyran is diggolved iu a Jow concentration in ney of a wide

wl-
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variety of organic soivenis the resulting solutivn is water white io slightly
colored, depending on the conceuntration and the parficuiar compound,
frradiation of this solution with uftraviolet Yght immediately produces a
deep coloration, Figure 2 shows the absorption spectra of a solution of

a typical photochromic spiropyran before and afrer ultraviolet irradiation,
At ambient temperatures this coloration will fade, due to therwal energy,
to the original colorless solution which can be recolored by ultraviolet
radiation again and again a large number of times. After some number
of such cycles the solution gradually becomes less and less responsive to
ultraviolet radiation, simultaneously developing a reddish-brown color in
the faded or decolorized state, In addition to being subject to thHermal
fading the photo-colored solution can also be decolored, to a greater or
lesser extent, by visible light, This light-erasability of spiropyrans varies
greatly from compound to compound.

The above discnssion has been restricted to solutions, ihough the
evidence indicates that the spiropyrans might be aleo photochromic in the
‘crystalline state, However 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 approbrmta '
than are crystalline filmis, This is particularly significant since good
photochromic properties have been demonstrated in solutions raﬁging from
solid solutions (dry polymeric filims) through viscous polymeric solutions :
(laminates) to very low viscosity solutions (solution cells) in the comman
solvents,

The explanation of the photochromic process currently presented
by the majority of the workers in the field is ag follows, The spitopyran
molecule normally occurs as the structure 1in Figure 3. In this form the
apivo-carbon atom holds the planes of the two ring systemsa roughly perpen-
dicular to each othey effectively isolating the melectrons of the separate
synstems aud reatricting light absorption to the uliraviolet region of ibhe

spectium,
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On abscrption of a photon of sufficient energy (from incident ultraviclet
radiation) the bond between the spiro-carbon and pyran-oxygen is broken
giving structure II, This structure is no longer restricted by a spiro-
linkage and can assume 2 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 merocvanine dyes and the colored form of spiropyranss
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 some 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-
chromic since a thermal equ‘i‘libriu’m exists between the celored 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 scme 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 interded use. In particular, a detailed a-priori
prediction is needed for the optimum chemical system to be used in a
reversible eye-protective lens elerﬁent.

The results of this investigation are contributing more infocrmation

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

o Y e A &



. such an eve-protection device, Sonmie of the mmore important considerations
are listed below:

(1) DIncident irxadiating lighi - The inteusity of the aciivaiing

vadistion should be high. In many systems it appsars that

E _ ' : the limiting faetor is the rate at which the light can be puraped
! 3 ) ’ v P .
i ) ) C juto the system.  The guality of the irradiating beam in of

‘equal importance. The spectrum should ke limited to those'

ACF{IGHE‘ whﬁre ihf:- L(}}c:arjes& nmdrfu,zxf.mn dbsurbq A ﬁswm hew
P . . ) R -’etfn_mntly wh}iﬂ the color?-d fm"m dm,.'a not.

| {2} Molar absarpumtwﬂr - While the open. form should have a umfﬂrm

I I _hlgh extinction ee:’»efficmm thruuglmut the v1sxb19 Jwgmn it shnuld
. S i alse h.d.ve & low f.xtmctmn e'cwfhcsem in that part of uktmvmiet R
P : T wheve the activating radiation g cc:m.entrated. “The ﬁpposim ﬂhuuld

- be true of the closed (cczlorless) fofm. The 5pu:trum ﬂf an nieahmdv.f_r'

photochl‘omic tiyé! is shown Ewiow m Figune. 4. »

R -
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{3) Shuantum efficiencles - I is as important for the guantum yield

of the back reaction {(colored hy

colorlens) io be small as it
i for the quanium yield of the forward reaciion io be large,
This is because the {raction of the rpecics that is colored ar
the photosiasionary siate depends upon the ratio of these

gquantom efficiencios,



L {4} Thermal veacijions - [t is necessary that the thermal equilibrinm

constant strongly favor the coloviess forry otherwiae the cowme-
pound will coler in the dark., The absolute magniivde of the
individual rate constants are also of importance, M they are
- » , - too small the system will essantially be irreversilz{lé and if
. ) o B o o they are too large the thermal fade vate mxghf bt“ raxpxd HmugAh'
to prevent any elfective colm&mm. -
"As far as is fnewn, none of thé compounds pnvfmmly avmlabm =
‘ , . e emhmiy all of if - = »wtez‘mtwq desirved, no¥ are the structural reqmrﬂ-r
Lﬁ e mama Jor vauch a compuund knowu. It iz folt tha,t the pmmary PURDOES m‘E
) , } N ﬂns wm'k is to attempt Lo corralate\ strucmrc wﬁh prupertwa m ordm: to
. ubb—nn the objectxve of select ive synthesm. :
’Ihp ixwusngatmn promeded along two chfte*rem, but related
'*_apjj;ro'xches. A survey wa's made of t}w- apectral thermal and switching

‘properues of a serieg of apzrnpyran fype rompounda.- From this somi-~
quanutatwn evaluauon the effect of certain 5p¢,cx£ic structural groups ou

R _ - sorre spcmhc property (i, e, fade rate, sensjtivny) has been noted, Un-

—iortunately, however, no important g(.nerdhzatmns concevrning the overall
effect of structure on the pruperties of the ccmpound could be obtained

from this approach., Also, the baﬁnc mechanism of the swuchmg 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 from a flashtube. While this ias

: . indeed a measure of the practical switching esfficiency'it leaves many
important parameters unknown and gives little information from which
eth).po]dhcm to other compounds can be made».

The second approach, m{,refnre, was an attempt to dum mine ihx,
detailed mm.hauu m of the switching process. It was felt that a prcaﬁmble
procedare would be to study one particular cornpouhd in great detail. Then
with the techniques developed, and some gencrval-infofmation obtained,
cther particolar compounds could be stadied in areas of specific interest,
While spiropyrans are noted for their individuality it is still felt that
soma imporiani genevalizations might arise from an intensive study of 2
pariicalar compuund, 7

At prescot, NCR has syuthegized wore than 300 spirepyran type
molecules,  The corapound chogsen for intensive atndy wae 9, ¥ -dichioro-

Eenitraindolinobensonpirvopyran {5, T -dichlore-6' -nitro BU2SL At room

e



teape rajure t}\.e colored form of this compound ig relatively stable, le
»unphfyuw the experimenial sct-up for rate siudies anad making very
accuraie measurevacnts of the axiinction cocfficient qf the tranzient
culored fovin a possibility,  The photochemical switching wmechoniem VWM
| ' surely be easier o interpret :md« r thode conditions .az‘hcre dwrmdl Lff(‘f.‘t"i :
are small, This ¢ mupound can be prepared in thb aohd atate i exﬂmr
pure colored or pure.uncolored ¢ fstalJnm form., 'Uuq cumpound Ltlm)
rapidly dm,nlm s.when it abscrbs visible hbht tbus makm both wrum&
and ‘""*mmh mm\asurements posmble. :

i : :  The thermal swz.khlnp; behavwr of this compoumi has' be‘un

determmed in both a polar and nonnpnldr aolwnt {ethanul arnd ?(:Luexw) at

~several remperattwes and’ the ha.axc- pdra.metars ( © c.umf» amte, eth»
brium conq?ams, avtwatimx nnergleﬁ, entrop&ea, etc.) have been de,termmed

' for each of the proceuseq shat takﬂ place, I‘h' 8 phase of the smdy ha&

'esscntmlly been cump\eud A kmehhmevha u'

‘ha.t i (.ouswtent wu‘h
f ‘bven pnsmld.wd _
o 6' ~mtro BLE-"S.

_,zal swm hmg Lehavmr, obsmw :

for both ethancslu, and mluemr ‘mluf mns of &%, 7’ dichlo‘
Thie is des«..rilwd m equatmn U) and (A) o

) RN ¢ PR 35u R <. «. ; o Uy (ethanol) (1)
: ke N R o

(slow) L fast)
j . 2 e - [(woluene} {2)
.* s

i ' Where U; and U, represent two distinct coloz‘le‘is BIRS r.pu,ibs in civna.mic
equilibrium with the Cl“)h‘)’l‘F‘d modification of the BIPS, <. A large par ‘
of this report will be devoted to analysis and discussion of this proposed
thermal mechanism,

The photochemical properties of this compound have constituled
a more difficult study frorn both the experimental and theovetical point of
view, Odmall percentages of irnpurities in the selvenis used appesr to
affect the switching properties, Insiabilitics in the L‘if:ié(:t_or circuits of
the instrumentation also appear fo canse some inaccuracies in fhe measuce -

ments, Neverthelewns, avcurate values of guanfim afliciencios bave been



obtained, Phenomenological cguations deseribing the photochemicasl

7 switching process have been derived, and appear fo be confivmead by the
; ) experimental data, The detailed mechanism of thig process, however,

“is aiill foribeoming,

- g3 -
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& 1. Discu

dichlora- 6'-nitern BIPS

ERAVIOR OF &', V' -DICHLORO ~ 6 -NITRO BIPS

jorn of th

‘raal switt:h:ing, - If pure-coloved ', 7' -

s dissolved rapidly in ethanel and the absorbance
at the visible peak is [ollowed with time there ig ohserved an initial fost
decoloration which is followed by & decolovization to a final equilibrium
state whose rate is mouch slower.

‘ The slow decolorization obeys a firstorder rate Jaw, This is

expressed in equation (3}

n (A‘ “he) = ~kgltKg : o (3)
A= abscif‘bancs 'of olorpd forny at a aelented wave Length at time t, -
Ag= equilibrivm ahsr)rbanc'c (dbﬂm‘ba'\ce at t. IR I
kg = firstworder rate conatant ‘
ngln (A ~-A ), ‘whete;

','KB::' mterocpf of- plat. o S
B irst ordc i PlOt to. abambance at t :

2. extrApolmum of

pO

"‘IL hhould bé emphaszzed that Ap»u is not- thc ac tua]ly obtamnd

et i

abaovbance at t = 0

- ‘Hw initial fast dec olormatmn rate alsn Appr oximates a firs t-—order

L orate law as followss

3 . = gt K -
in (A AP) leg ¢ (4)
A = The absarbance of colored form calculated from an extra-
: pclation of the first-order slow-rate plot,
ke =  Firet-order rate constant for fas: rate,

Ky = TntP)‘CF‘pt of p!ot, Kgaln (A ~A where

p-—o)'
A = True absorbance at t ~ 0,

It should be pointéﬂ out thai certain libertics are being taken and
equation {4) is not a true firiﬁm---vo}'der plot, Ap is nota rue eqguilibrivm
value but i does change very slowly at simall t's when o omparad tao the
change in A, Ap is considerced a psoudo-eguilibriuwm value,

Therae are several physical systerneg that can give kinetic vesults

as just discussed, I one chooses the proper ratios amonp the raie constants
many different iypes of oungecutive or srimullinscus reactious caa be re-

solved in the first approximation io iwo ar mare firstworder races, At



low tempevatures the existence of several ("unfign rational isomers of
tht open (colared) {orm for some of the apiropyrans has been deduced

Y & Molecular

from spectival and photochemical evidence by Fischer,
madels made of ihesce configurations indicated that severval of them should
be sterically stable3 . Therefore it was at fivst b(“lle* ved that the fast
and slow rates weve due to the decolorization of different ¢ -olored species

Possible equations for such reaction mechanisms would be:

C' M"lv'
! \.,,h 7( ———n ‘
P
et K63 e .
h . W 'ﬂ_..-a‘”"‘w -
\:Z s

o TR U o
Cs Ky U

- Where C; and C; indicate two different _c;)peﬁ fc;‘)"lfn_x configuxj'a'_tiona
and U fepresents the closed or dh(‘olored for‘m." It is known tha.t'thére
is both a forward and back reaction as there i8 an eqmlxbnum color at
intinite tirne, ).

.The ob‘served kmctica can alﬁo be explamed by the postulatmn of

1WO culorless species rpa.ctmg in the Iollowz np mannere

. T,

1J, ks' R Y ’ kf ) U,_ (‘1,3,)

It turns out that the latter posgtulate can adeguately explain 411

ohservations.while the postulate of two colored and ong uncoloved species

cannot,

The rapid recoloration of the BIPS, after 1i;};ht eragure, an
affoct that is described in detail in sections 2. 2.9, and 4, 2,10, i8 the
koy observation that necessitaias the postulation ol more thin one coloriess
fovin pariicipating in the thermal mechanism. The most significant '
fact abont these observations is that there 15 o recolovation fo an aplica)l
deasny that maoy be ovders of magnitude greatere than the true equilibyinm
absorhancs, If it is apsumed ibhat this recorovation effrot o an intepral

a3

part of the the o mal hehaviow of ethraolic sojotions of B0 7 o dicihldore- 68 -
1 i heh 3 0

C Ly



nitro BUPS then in any Mnetic mechanism that can account for this
hehavior at least two colorless forms must be pestulated.  The mechanisms
desceribed by canations (5) 2ud (0) pye inadeqnaie as they cannot by any
reasoning permit a recoloration to & level greater than that of the sguili-
bril.;i’n color, The mechanism described by egnation (1a) which postulates
two uncolored forme is in fact the simplest sc heme by which the L"e('ulor.;u

tmn effect can be included in the general thermal kinetics,

» it is generally agreed that one colorless form {U;) is the closed
_‘: spiropyran molecule, This form is predominantly present at the rmal
' equilibrium and is also assumed to be formed from the erasure of the
colored species with visible }ight, This closed form does not have any

configurational isomers but could, in theory, have two optical isomers.

These optical isomers have not as yet been resolved, but in any event ohe
would expoct. their kinetic behavior. to bc 1dent1ca1 under the o:-xpe rimenta]
mmd1tmnq thus described, C ’ C

$ ‘ e lhéruforc, the sc_umd type colorltss fox m (Ux) is in. a.ll probn\‘

':amlity rmme rherxncal specxes qm,te distinct from the normal cmsed
“ oo I spi 'opyrdn mumt“m.e- o ' . R
E - - The '\, lowing possmxhnea exist for the formation of Ul.

’ U S - ‘.. ' ( ) Uy is fp_rmed during light erasure and is in actuality a lovig

E : ! o ) - B 1ivve:d excited sfate. (Thid excited state then reverts into the
” T colored and Uy formb of the BIPS giving a Fecoloration cffec‘t.)
P 2) Uy s or:gina,lly present in the solid colored form.
A {3) U, ie formed rapidly in solution after colored form is .

- B ' S dissclved in ethanol at room temperatare, _
i " The follow;ng theoretical conmdera.tions and e xporxmen tal

evidence give strong 111;:1-41ca.tioxx that only the third possibihty can be
) correct,

_ "Possibility (1) is doubiful hecause excited states in solution at
room temperature generally have half-lives in the order of milli-to nano-
seconds, while the half-life of the recoloration process is approximately

: . 4 minutes, Also, such an exncited state would be expected to have some
absorption in the red region of the spectrum®*. In actuality the uncoloved
form, when measurad immediaiely afier lipht evasure, docs not absarb

above 430 myp.,
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Possibility {2} is eliminated for the following reasons, 'y
sample of colored 5', 7' -dichloro-0' -nitro BIPS which was dissolved
in ethanol at dry ice-acetone lemperature and erased a1 the same tempera-
ture did not recolor to any éxteut, cvepn when raised to room ttamzm,‘f:.gtu‘z'm
On the other hand, if the solution was dissolved at room 1<=mpr‘ra!.m' s and

erased at dry ice~ethanol temperature, reeoim'aucm would take pléﬂ”t“

when the solution was again warmed to room: temp(.ram re, Thig mdm_ates

that the species that vecolors is formed durmg the solutmn procass at
room temperature, while at dry ice-gthanol te-mpe-,rdtur this 'pr_o(:'e'_ss, is =
mn ﬂow to form any appwmable amounts nf Uy. ' o

I‘ho ultraviclet spectirum at SOOC.., of coloﬂess torm that wa

: tczken after lig sht erasure of colored form dissulve :_i.t r_(;o__m 'telnpcrature--_ ,

dszercd slightly, but nevertheless significantly, unm the. ultra.viofet

'sper trum at ~-80° C of colorless form obtained from 1ight arasure. af

colored form dissolved in ethanol at 80°C These. spectra are showu -
in Figure 5. This fact also supports the proposlhon that Uy is, form(.d
durlng and immediately after the solution process at room thPeratux &,
The first-order rate coustant for the recoloranon after hght '
erasure ig identical, within exPerlmnnta] error, with k¢ (The fzrstorde
rate constant for the fast thermal fade), Also the pseudo-equilibriim
consiants are the same, (At 20°C ‘approximately 10% of the colored
species chsappears during the course of the’ initial rapad thermal (lvrolosa—
tiony This is equivalent to the observed rapid’ recoloration, aitew llghf
erasure, to approximately | /9 of the 1mhdl color.)  This would aupgest

thal the {ast fade and the rec olnratmn af.tm erasxue is in actuality the

‘same kinetic process approached from opposite sides of the paeudo-

equilibrium point, _ .

I pure gol id uncolored 5', 7 -dichloro-6' -nitro BIRS (U,) ix
digsolved in ethanol there is a gmdual rise in the optical density of
the colured peak uniil a true thermal equilibrium is reached, This
slow coloration obeys a first-order rate law and has a rate constant and
aquilibrivm constant that, within experimental ervor, is egual (o those
ol the slow decolorizntion process.  Therefore it appears reasonable
that the slow thermal fade and the slow coloration ol aneoloved form may
well be the same kinelic procesgs approachaing & teus egnidibrwm Yrom

opposite divections,
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Figure §

Uitraviolut Spectra of &, ' -dichloro-b' -miro
BIFRS in Ethanol at -80° C

‘Colorless form at thermal
equilibrium - :

"= Colorless form. irhh—ilzdmtely aftox
photobrasure of colored solution.

At 210 280 234 240 250

Wavelength {millimicrons)



In sununavy, the r'c)fﬁr&,r all kinetie and spectvophotametvic
cbservationz made o date can be explained by assurning 4 colored or
open form of the 5', 7 -dichloro-6' «nitro BIPS in dynamic equilibrium
with two uncolored apecies. One of these species (Uf;) is almost surely
the normal closed spiropyran ivolecule which is fm'nwd by dis:’;o}ving-
the solid pure unecolored form, by the slow thermal devolmatmn oi the
colored form, or by evasure with visible Light of the colorcd species,

The other uncolored species {(U;) is of unknown c-.;usu'a,ux_on and is formed

as a result of the fast thermal decoloraiion, The rapid recoloration

effect after light erasure woeuid be due to the pseudo-equilibration of

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

form v?ould‘bﬂ due o the trus e-qdilibration of ail thy=e speéi@s. Although
e actual mechanism may, in fact, be much more Lompllcated the
medchanisin propascd is the smnplest one which is completely consistent

1 e

thh our presem body of experlmmu 1 daia,

The fhe*’*mal fade of 5', T'-dichloro-6' -nitro BIRS in toluene
"Lollo\ﬁm a hrst ox'dm rafe ‘law from start to finish and. 15 therefore ‘much
simpler than the ethanohc systems. In toluene the following eqmltbrauon
reaction takes place ' '

Uz s S S @)

kg

There.{qrc the .fsllopc of a plot of In (A ~Ag) VB, tim-e"'('t) ‘Yi;!ldﬂ

the rate constant for the reaction since -

In (A-Ag) = -kyteln (A -Ay) {n

! - first-ordar rate constant for thermal

equilibration in toluene 1
{kp = by + kg)



As has been shown, the postulate of the dynamic equilibrium

k, .
17, = C > 1, 1
&y ky

P
Ly

—~

is consistent with gualitative and semi-quantitative observations con-
cerning the kinetics of the ethanolic system, In this section the mathe-
matical expressions for the rate equations will be derived and it will

be demonstrated that, within the limits of experimental error, the
quantitative observations are also consistent with the proposed mechanism,

The following rate equations describe the proposed kinetic systems

aC

S = gtk Crk Uy Yk Up (8)

—}g‘--- ky C -k U, (9}
%:_J_g = k C-k U {10)

Where C, U;, and U; are now concentrations of the various
forms at any time t.

C+*U,+Up =T (11)

Where T = Total concentration of spiropyran present,

The solutions to these equations are straightforward, although
tedious, and can be expressed as follows: ‘

c = El; (ke ke T+ Aje X780 A,eXe t) (12)



where : By 5 ?giéw}{‘}go R - “"Q,Jf:;"?,g ,
. _ fey ~ Iy g ~ Iy

by = El__?;_}fﬁi{si Af‘ - Te_k'z.%

; PE g :

: A P | ,:32“-':53‘,. = g .

B = el T

Cand s ke Cokala T X' = K [l thyUpy(kiha)Co 1

o= N
¥

= U kT Yo 5

5y

ke Up.o -kl T 21

N
=3
i

"

: 1% \‘ks Cy *huz mo} :

for by =4/2 (g2 -tk ) V2 T Ky = U2 [l k)72 ]
K = Ky kgtlgkgthaky i = By tlotkgthy
Where Cyy U,.gs and Uz are the values of G, U, and U, respectively

att = 0,

At larpe valuea of © the exponential terma apporoach zero and the
capdlibrivan valuer for the three specins arve givan by the tollawiag

rejaironalapal
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g

{16}

(t7)

For any set of values of the fundamental r»ate constants by, kg, fu ok

and inltial concentrations, Uy.y, Uag Cg. the c:e;meez:at}:*mmna of G, Uy, dnd-

U, can be caleulated from equaumm {22), {13} an-’ﬁ M») at ,wgr tnmﬂ b leim

however, iz & time consuming process and therefore a.p mgr:wn ha.a: l:ewm d&* S

Glgned i‘”’ our GRG- Iﬁtwﬂ digital computer which iram ﬂu& ix\}gﬂkt dma of mm S

cmmmms ‘anid zmual coucentm tions will print c)ut Wy, 30 EJ;; im& € at prﬁdewrmmed

timns inte rvms.

e:ither cf t}-a two LO].QT].& 88 forms am a functmn cxf mne ainee the tmﬁ axmwrbunce

) zapec:.trum of U; he?,ﬁ not 8.8 yat been resclved, a.m'i ,am:acmal phy'f—:.ic::eil _é&‘fpa?ﬂimn

of the species dm-? not anpear faambm. ' “}m Loncamramou of colurad form C,
can he determined upm"ixophawzxwtru,ally m any tumx (rr‘im Hﬁ vimme’ abscrbance
and ﬂma the experimsntal values of C c.a.n be t,ompm-f:‘d wﬂ:h mcme I aieumted
from eq. (1£).
The values of ky, kg, ks and Iy ware obtainsd in ﬂf;@i.lfxlh.':w:m_gg marmer -
AL early times {up ‘m 30 minnten for 5, 7' ~dichloro-f' ~nitre BIFS) the fast
A

proceass O A, . i asswned predominantdy respoasible far the de.
. ( §

s
14 -~
By

coloxation, At loppger firvees O and U, ave fna siate of poondy-eouricboiuey mad

F 753

. N - s . . , = " oy £
the skow procens O E 1 P is the e conse of decalsrafion

Thue, for a first epproximanon at lorgs values of o




Lauation {18) has the following solution {changing concentrations

to abscrbances).

In(A-8_) ~ -(k'3* K4)t+in (Ap_o—Ae) {3a)

where k's + k'y = k_ (from eq. (3}
Thus a first approximation to ks + k4 can be obiained from the

C

first-order plot shown in eq. {3a). At true equilibrium X O and

C K', A _
S o~ g = K {19}
Uz-, K3 Ao-A, < ’

Assuming for the first approximation that UJ; is present in
negligible concentrations k¢ and k; can each be calculated from the slope

of Eq. {2a) and from the equilibrium coloration via a2q., (19).

Similarly for small values of ts

_d___df Y kg, C*k U, (20)

Upcn integrition and subkotitation -

In (A-Ap) ¥ -(K', * K'p)t*1n (AO-AP_O') (4a)
where k';* k', = kf (from eq. (4)

Thus k', * k'; can be obtained from a plot of eq. {43},

A psuedo-equilibrium {or when A = AP, or after approximately five

or six half lives)

C A -0 A k's
U! - ~ Kn'x - a-A - K’y (21)
I : - p-© .

Thus from eqs. {4a) and (21) both k; and k; can be calculated,
The next step is to introduce the perturbation of the fast rate »n the
slow rate and vice versa in order tc correct the values of rate constante, The

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



l-‘rate conatanf.s (k" * k”g}.

but also include to a smalier extent the rapid ra.equilibration betwean

Gand Uy, while most of O pgoes (o U, As seen frorm aguailon {21

¢ . XYy (22}
J0, 13 :

This for every molecule of C that goes to’ (,'7, apprommately
bty /k; molecu}eb of Uy re- ethhra.e with C. Tneretore, £ k' + k‘é xs
iné raiw mcasuicd {x om a plu\ of nquatmn {3¢), then the secvnd apprn‘n—

mation will be;

o “‘"""3‘;;""#"4,)  =» s+ kg )f . 'J (k, i ) oy

o ‘\Iaw (k", +. h“ ) may. be used in plots of equatmn (4a) to give ﬁew Do
‘values of AP and A and thua get secoud npproxxmatlons for the faat
This 1zerauve pr ocess can b repea.ted untxl

P -'the cnange ‘in tire rate’ const&ms xs ms1gmf1cant It turns out that for *he

- partxcular case oi the ‘kinetics. of 51,14 -d-n:hlafc 6‘“—nf‘trc ‘KI‘P‘? {n et}mml

©'the fivst ox- wcond 1teratxon is. sufficmm

Thus ‘ ; . :

L (ks» k.,) : (k"s+ k" o) and (K¢ k) = (k' ‘e z) :td within the -

er'ro‘r of pur ‘=xpf~rxment4. Where iy, kz, ky-and }q are the valuea of

' the rate constants used in equations (12), \13) and (14) ,
The mathematical treatment of tha rate data can be appmached

in another manner. As has been previously ShOWn, k, and k,, {the ccmstants

that appear in the exponential texms) are roots of ;ne quadratic mdxcxal

equation. At 20° C in this particular case ky = -3, 6x10” min ! and _

by = -1, 7107 min” . Therefore, at amall values of time, eguation (12)

can he approximated in the following m2nner: .

C o 1 (ke TH AF Age S
5y

since for small walues of time e}’l'/ e 1,



" are posmble rmly beca.use there 13 a sxgmf:cant dlffetence .n' *‘he r:«tea of

bt of. the sAme order of magmtude. £u~st-order plnts would not gwa

;Whlfh yleld & contmuouq curved line: whan plotted fox first—order’ kmet:c .

At larvge values of tirne eanaticin (12) cen be spproximated in &
different manney as follows,
- , gty
C o 1 (kz!(a( T+ Ale 7 :I

smce . for la rgex values of txme ekﬁ t. 0,

By appropz iate substxtuho ng equa‘cmns (24) and (aS) can. ba,

_.cl*aug’éd to d form where psuedo first-order plots can be ":idﬁ‘ and rax‘e '

c:uﬂsm..xta detsrmined without. usmg iterative appwxxmatmns. A o : T
It ehould be pointed out.that the mathematu al analyeee descnbed'_

the Aagt and the. slow thevnml reactmns. I th‘ ae rdttﬁ ware very nea.rly;_'iw-'

jf'the same it would e’ 1mposszble to aepa.rs.te them from measurements of s

“the- COiored specwa alone;- Also. if these rates were. oi dn’ferent valuea

'-atralght liaes at a—xy value of tzme. There are, in fact, cartam spxropyrana'

In cases such as these 1t would probably be necessary 1o obfam

' the fundamental rate. constahta from 1rut1a1 rate data. Thxs ig” A o ;4

d1£ferent1a1 method and. by its’ very natuw' would not. yxeld valuee of
rate Lonsmnts as accurate as by the analyucal methods presently used

It would: also be very valuable to be able to qnectroacopzcally follcw the» ‘

“change in concentration of eac.h of the colorless s,c ies with txme in .

““addition to that of the c‘olored fotm. “The 'echmquea reqmrﬂd for these:

measurements appear to be quite’ involved, : 7
I}zgures 6, 7, 8, and 9 show the_ox‘et.ical plots of the thafzx'ial
switching as a function of time for various initial concentrations of all
three forms, These plots were made from the output of the CRC-102D
computer with the corrected values for Iy, k;, k3 and k, used as input,
Figures 6 and 7 show how an ethanolic solution of pure colored form
fades with time. Figure B should approximate the rapid recoloration to
pseudo-equilibrium after light erasure, Figure 9 demonsirates the

approach to true equilibrivm of a sclution initially composed of pure U,,
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u. 1 [ ..lr’m('uml cU)dLV.‘:\}r- ~ {The

ge wirs poricrmed by Dr, Carol

Be T, N&edham Hsights, Masa, ) Twenty-thres {43) milligrama of
recrystallized colorless 5', V' -dichlore-6' -aitre BIY™ (17,) was analyzed
for carbon, hydregen, nitrogen and chic: ., The resulis are raported

inn Table 1.

TABLE)

Element ¢ H N <
Analyzed % 58,5 EN R 18,6
Theoxetical % 58,3 4.1 7.2 18,0

2.2,2, x -Ray powdcr photo_g__aﬁghs. X-Ra‘y pgwder photogréphs
were’ taker of the following compoands. s »

U) Lolorleae 5'; 7' -dichloro- 6'-mtro BIPS (Ug_) w}uch was.
first recrystalhzed from zsooctane and aubsequently from an ethanol-—
water mixture. ‘ '

A (2) Colored 5', 7' -dichloro- 6'-nitro BIPS, which wasg pregared

by the irradiation of a colorless 901utmn of the compound under a Gatesg
lamp and followed bty an immedjate filtration of the insoluble coloved-
form precipitate, |

' {3) Recrystallized, colorless 5', 7' -dichloro BIPS; An
x-ray powder photograph of this compound was taken to make certain that
a'm,} of the precursors of the dichlorenitro compound that did not undergo
complete nitration were removed by the purification steps, '

An examination of the developed powder camera photographs showed
that certain of the strong lines found for each compound were completely
absent in the phetographs of the other compounds, These rasgults
indicate that the solid samples are probably pure ceysialline compounds and
if there ia an irapirity of one in the athar it is no greater than 3%n 4% apndd
probably rmuch lesa, The "d'" values for the girongest lines on the powder

photogrophs of these three componunds are shown in Table 2,



TARLE 2

b phes W a2 3 Rt

X-Ray Powdey Photogranh DRata

[ e e

5, 7' -dichloro-6' - pitro BIFY {Colored)

Strength of Line “d' value
1 5,29
2 3.33
3 3.73
4

3.60

5', 7' ~dichloro-~6'~nitro BIPS {Ccolorlesa {U))

Stre_gsth of Line T value

r—————

5.77
4,83
5.28
3,84

[ O VS R S A

5, 7' ~dichloro BIPS (Colorleas)

lldll Vatu’c

- o A

Strength of Line

1 7.28
2 3.55
3 5,59
4 5,240

-2



4. 2.3, Solid state analyais of coleved and colorle

Apiropyrans

One of several methods devised for determining the extinction

coeffivient of an unstable colored form was to analyre the solids obtained
froiv a2 solution whoasc absorbince at the visible lmax, had just been
measured, The solids were wo be isolated by immediately freezing and
then freeze-~-drying the solution, In this way it was assurned that the
ratio of colored to colorless form which existed in the solution would

" also be retained in the solid, in which state conversion from one form
to the other could no longer take piace, The material isolated in this
way could theu be put into a KBr pellet matrix and analyzed for the
different components by infrared s’pectropholomet‘ry. Therefore, by
knowing the absorbance of the colered form and calculatiﬁg its concen-
tration from the above analysis, the extinction coefficient could be
obtained, : - '

A calibration curve for the colorless form was prepaﬁréd from
two types of sampless  aliquots of standard solutions, and solid samples
dissolved directly, In both cases 3 to 10 ml. of solution wasg used, To:
this was added 2 tnl, of a solution containing 212, Zrmg. /ml, of potassiunn
bromide and about 0, 1% KSCN, This laiter material is used as the
internal standard in the pvell‘et, as will be shortiy explaired, To these
solutions was also added some excess water to p;recipitate the EIPS
and discourage any phaotochemical or therrnal conversion to the colored
form, 'This mixture wiae then frazen in dry ice-acetone, (sometimes.
with difficulty, according to the alcohol-water vatio) and 'freez-é«,dried
to remove the solvent., After freeze-drying for up to 24 hours the sample
was removed ag a very fine, intirnately mixed powder. About 350 mg. of
this mixture was placed in'a /2" diamster KBr-peliet die and pressed
under vacuurn and 20, 000 lbs, tota) load for | minute, A pellet about
] min. thick was obtained, The spectrum of this pellet was scanned,
in duplicate runs, f{rom 8L to 18w on an'Infracord! Perkin-Elmer
Maodel 137 Spectrophotometer, the pellet being turned iv its helder before
the second scan,

A convenieni method for adjusting abdorbances to A cemmon
peilet thickness in ¢ include an internz) standerd in the pellar,  The K3ON

used for ihis purnpoaec has an absorbance nt 2050 em, 7, 2ad g transparent

-



threughout the rest of the specirvm. The weight cidtio of thas substance
o ihe KB is alwavs the game becauae they arve orxiginally in solution
ether, The use of the vatio of the absorbauce of the analysis peak
to that of the internal standard pezk should eliminate many sygfemaiic
errors, Absorbances were ubtairﬁed from the transmittance curve by
the standard base line method, The calibration curve is shown on
Figure 10, )
The precision of this method of analysis was found to be rather
poor, Even after several refinements in technique and standardization
of conditions the variance of 1 sigma was about ¥6%, Since it was desirecj
to obtain the. extinction coefficient with greater accuracy than could be
" obtained by this methed, the projeci was discontinued, _
Potassium bromide pellets of pure colored 5', 7' ~dichloro-6'-
nitro BIPS were prepared in 3 manner analagous to those of the color-
less form.. The infrared spectra of these two species, in KBr pellets,

are shown in Figure 11 and Figure 12,

2. 2.4, Extinction coefficient of the colorless form of 5', 7' <dichlore-

6! -nitro Blfg. - Solutions were prepared by weighingy pure colorless

G ———

sample on a Cahn Electro-balance (Model M-10), transfering the sample
to a volumetric flask, dis‘aclving in the appropriate solvent and diluting
to the mark at 20° G, Absorbance readings were made using a Beckman
model DU or DK-1 spectrophotometer with constant temperature control
at 20° C, In ethanol, absorbance readings were made at the ultraviolet
absorption maximum of the colorless form, 243 mu, In toluene, ab-
sorbance readings were taken at a plateau of the colorless form
specirum, 310 mi  The following values an average of several runs

at different concentrations:

Y-}

X

s (colorless, tolucne, 310 me) = 5,130 liter mole "lam

-

{colorless, ethanol, 2473 mp ) = 35, 800 liter mole Lem-

o

A oslight systematic error might possibly pe induced due o the
eguilibration of the uncolored BIPS with some colored form, This equili-
brivay howavey, greaily favors the colorless form in both of these sol-
vents, and therefore any colorved form present would intioduce an egrror
of no aere than a {fow tantha of a pervcent, which g well within othes

cuperirdeniad srraova,

m
B2 A
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Figure 1]
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Infrared spectrum of - - .
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~é 4
in this range of concentrations used { 5x10  to 5x10 M)

it appears that Beer's Law is oheved,

2, 2,5, Extinction voefficient of the colored form of &', 7' -dichloro-6'-

nitro BIPS - Fourteen determinations of the extinction coefficient of

the colored form of 5' , 7' -dichloro-('-nitro BIPS were made by divaect
absorbance 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 pvér <he sqlid?
then filtering the colored solution under vacuum and collecting itin a
beaker, The solution was guickly transferred to an absorption cell

and set in a Beckman model DK-1 spectrophotometer maintained at
20°C. The preparation of the colored solution was carried out in dark-
ness to prevent the photoreaction (col'orea .‘.ll*-—p—-‘_..... colorless) from . .
taking place. The absorbance of the solution was followed at 531 myp
with time; usually sixty minut_es.v After sixty mi'nutes'the Eo_lution yg‘@. _
completely decclorized with visible radiation and the.‘absm'ibé.‘nce_:b,f%t»his; Do
completely colorless sclution was rmeasured at 243.mi, the Amax. of the
colorless form, The total concentration was then calculated by dividing

the absorbance at 243 mn by the molar absorptivity at 243 mu,

The absorbance of the colored solution at zero time was determined
from an extirapolation of a plot of Ag;, versus time, {(Where Aj;, =Optiéal
density at 531 mu ), ‘The thermal fade curves were amén_fi.ble to ex—t'z‘vapola.;
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 wae first added to the
colored solid, The actual zero time would lie betweén the time of
alcohol addition and the completion of the {iltering of the colored solu-
tion, since molecules were being dissolved over this entire period
(Generally about 10 to 30 seconds). “Ternperature of the solution during
preparation and filtering was not completely controlied at 20°C and some
slight changes in temperature were possgible during the first several
minutes of any given recording of Agy; versus time, Using Beer's Law
the absorbance of the colored form at 531 mw. at zero time was then

used to calcuinte the extinction coef{icient of the celored form at 531 mu.

> 3
R S



.7
The solutions rauged in concentration from 5,5x10  jnoles per

dter o 8, 9%107° maoles per liter. Absorption cells of 0,1, 1,0, and
10.0 cm, were emploved 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 104 liter mole™!
cm. "' 2900 liter mole Lem. 7! 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 vxa:ble absorptlon maximum (594 mu)
by completely analagous procedure.-

¢ (colored, toluene, 594 m..) = 48, ?.OO liter mole "~ cm”~1£1000
liter mole ™! ¢m ™! ‘ . , |

Ancther method of ob'tain{né_ the molar absor'ptivity {extinction
coefficient) of the colored spe.cies consists of 1iperatihg 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 mp, The following experimental procedure was employed,
A 1,0 cm. absorption cell was half-filled with 1.5 ml, of an EtOH-
HC1 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 triethylamine 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-1 recording
spectrbphotémeter. The absorbance at 531 my was measured versus
time and the zero-tirne absorbance was found by' extrapolation,
For two determinations the molar absorptivity of the colored

-1 -1
form at 531 mu(eg3,) was 39,300 2800 mole liter cm . This is in

"excellent agreerent with the value determined by the pure colored

#solution exirapolation technique.

2,2.6, Abs p.ion spcctla of 5', T'-dichloro-6'-nitro BIPS in etlancl at

less form (Ug) were recorded in ethanol (U, S.1., U, SGP,) at 207 using a



Deckman model DK-1 spectrophotometer and 1.0 em. path, Toe
colored solution was prepaved by dissolving pure colored form in
¢thanol and quickly filiering, The apectra were recorded at 8 medium
scan speed, The colored form specirum was recorded first and was
completed nine minutes after zevo time, (Zero time was taken to Le
the time when the ethanol was added to the pure colored form. ) After
the spectrurn of the colored form had Leen recorded, the solution wés
decolorized with visible light from an electronic flash a sufficient num-
ber of times to make certain that very lirtle U, species was present in
the colorless solution, The spectrum of the colorless form (Uz) was
then recorded, - '

The colored and colorless spectra were re-plotted as molar
.bsorptivity versus wavelength, The visible spectrum of the colored form
{700 mp -325 my) was corrected for the thermal fade with time by
employment of the thermal decoloration i'atep'iot'(Q:Ee""‘f;"g'&re 7). The:
remaining portion of the colored spectrum {325 mu - 200 m ) was ob- 7

tained by dividing the observed absorbance at ‘any. given wavelengtﬁ by . .

the observed absorbance at 531 mu then multlplymg the’ resuh, by 39,300,

In the colorless spectrum the value for the ‘moler absorptivtty at any

given wavelength was obtained by dividing the observed absorbance at

that wavelength by the observed abscrbance at 243 mu, then multiplying

the result by 35,800, . 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 changes in =p pectrum do
occur in the ultraviolet region with time, These changes, howe\}er, are

relativély small over the nine minute time period,

2,2,7, Thermal equilibriurmm measurements of 3', 7' -dichloro-6' ~nitro

indolinohenzospiropyran in ethanol and toluene, - All solutions used in

equilibrium studies were prepared by dissolving a preweighed quantity
of the colorless spiropyran in ethanol (U.S. 1., U.S,P.) or toluene
(reagent grade) in volumetric {lasks at 20°, Rthanol.c solutions were
placed in a constant temperature bath in complete darkness at the de-
sired temperature until true thermal equilibrium was established, A

portion of the solution was transferrved under dark-room conditions from

.33
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the ctorage vessel to an absorvption cell of appropriate path length
sitnated in a4 controiled temperature ccll holder. The cell bolder was
placed in a Beckman Mcdel DK-1 spectrophotometer where the absorbance
of the equilibrium solulion was measured at its wavelength of maximum
absorbance in the visible region,
The equilibrium ahsorbance of the toluenic scolutions was measured
at several temperatures by the above method and at several other
termperatures by placing the colorless solution in the controlled tempera-
ture absorption cell situated in the spectrophotometer and then following
the-absorbance of the solution at the wavelength of maximum abecrbance
until thermal equilibrium was established, o e
It was noticed that toluene solutions of 5', 7' -dichloro- 6‘-mtro )
BIPS were being affected by some indeterminant condxtxon. The. abaorb&nce B
‘of these solutions increased very slowly at times beyond the calculated

'time needed for equxhbr;um to be reached. The equilibnum constant

should have been reached based on the knowlédge of the,

for the system,

Since the toluene equilibrium greatly favors- the colorless species,
relatively concentrated BIPS solutions had. to. be used xn order. to get: a,

measurable colored form absorbhance, In all cases measurements were

made at more than one BIPS concentration and the measured equilibrium - =
constant was extrapolated back to infinite dilution to obtain a more re-. ‘
liable value, It was poassible to calculate the concentration of the color-

less and colored forms present in the equilibrium mixture since both

the molar absorptivity of the colored form at the visible A max, and the

total concentration of each solution was known, The equilibrium constant

is defined by the relation:

Concentration of colored form at equilibrium

= Equilibrium constant
Concentration of ¢colorless form at equilibrium

K is the zguilibrium constant in ethanol and Kt denotes the equilibrium

constant in toluene,



rol nene, - The experim en?.-a_! ;_A-ﬁcc d\_:z'c, as de,\cr".bed bmow, can bc
divided nto two basic steps:
(1) Preparaticn of the soluticn
{2) Measurement of the absorbance change cf the colored
species at Amax, as a function of time,

Solution preparation - A small quantity of pure solid colored

form was placed on the fritted glass disc of a Buchner funnel of

medium porosity. Solvent was added to the funnel and the colored
solution was prepared as in section 2, Z". 5. describing the determination
of the molar absorptivity of the colored form.

Solutions were prepared at temperatures lower than 20° by this
method by using & jacketed fritted funnel maintained at the desired
temperature, Colored solution was-collected in a receiving {lask
xmmersed in a constant tempera.,ure bath. 7 .

At hlg‘uez than ambient temperatures some solutions were pre-
pared by placing the pure colored form solid on 2 13 mm diameter
millipore filter pad situated in a Swinny hypodermic adapter. The
adapter was aitached tc a jacketed hypodermic syringe containing sol-
vent at the desired temperature. The solvent was forced through the
adapter and channeled through a wide gauge needle into an absorption ‘
cell maintained at the desived temperature, '

' In snme cases an alternate procedure was followed, A color-
less solution of the spiropyran was situated in an absorption cell'in
a constant temperatuve cell holder, The cell was exposed to the radiation
of a Braun "Hobby'' Elec¢tronic flash unit or to a low pressure Mercury
arc lamp. At the completion of the irradiation the solution in the cell was

shaken to insure homogeneity of ceolor,

Measurcment ox he cha ange in concentraijon of the Colov(,ﬂ species

as a function of tirne - The concentration of the colored species

in solution was found to be direcily proportional to its absorbance at the

vmitx in the visible region, Hence, the change in concentration of colored
forin was easily foliowed by recording the absorbance at the vigible A max
versus time, Inoeases where color disappearance was {ast the record-

ing was done automaticdlly on gither a Beclanan model DK-1 specirophotometer



or model DU spectrephotometer 2quipped with an energy recoxding
attachment {ERA)}, Where color disappearance was relatively zlow

{more than a day) the solutions were stored ar constant tempevature in

o

arkness and small portions were removed at intervals and placed in
the spectrophoiometer whare the absorbance at the A max and the time
were recorded., Examples of first-crder rate plots for the fast and

slow decoloration are shown on Figures 14 and 15,

Z4,2.9. Fastand slow thermal color formation in ethancl~ A

fast thermal coloration was observed in ethanolic gclutions of 5', 7t-dichloro-
6'-nitru BIPS when colored solutions were photo~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 from solution by pheto-
decolorization. ‘ ' '
. The photo‘-decolorization was done by successive exposures to
an electronic flash lamp when the maximum concentration was p,resexj;t in
solutiont i,e. at pseudoequilibrium. The solutions used for these runz
were prepéred as described in 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 spectrophotometer and the increase in absorbance at
the visible " max was recorded varsus time until pseudoequilibrium was
reached, '

At 20°C the absorbance of the solution at the apparent equilibrium
state was dpproximately 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 mu with time until it again
reached an apparent equilibrium, This value was approximately one-
ninth the value of the first-roccoloration-equilibrium absorbance or
approximately one-eighticth of the absovrbance of the original pure
colered solution, The process was repeated a third thine after which

very little fast recoloration cvcourred., A schematic diagraim of this effect

~37-
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is shown in Figure 16, The {irst-order rate plot for this process is
shown in Figure 17,

The primacy experiamental difftculty in this type of messuremaent
is that in order to {ollow the recoloration etfect over a few cycles, con-
contrated soiutions must be used initially. These solutions, how'ever,
are difficult to erase because they are so concentrated, In addition
some thermal recoloration occurs duri'ng the time required for complete

~erasure, These conditions introduce an error in the determination of '
- zero time for the recoloration process and an additional exfolr due to
the erasure of some BIPS which has recolored after heing erased by
" the initial flash of visible light,
| The rate of slow thermal co).or formation at ZOOC in ethanol was
done by a different method and is described below,

_ The thermal formation of colored species fr:om tha colorless
'5‘ 7'-dichloro-6' -mtro BIFS was measured at 20°C in ethanol by ob-
servmg the increase in absorbance at 531 mp at vanous tzmes until :
| true thermal equilibrium was esmbhshed._ Thxs process is arxma.rxly '
‘due to slow thermal eqmlxbranon between C and Uz (specxfied by first
‘order rate constants k;+ k). The solutions used for these determma~ '
tions were freed of U, and C, at . the sta.rt of each run, by the followmg_. .
procedure,

The colored species present in the origmal solution was photo-~
erased, ~The ‘mlutxon was then allowed to stand for approximately thlrty
mmutes permntmg Uy to reestablish equlhbnum with the colored form.
This process was repeated several times until Uy and were prersent
in only negligible guantities, At this point the run was started and the
change of absorbance at 531 mp was measared at various times until
true thermal equilibrium was reached,

2.2, 10. Controlled formation of the U, modlhczxtwn. As described

prevlous)\,, when colored form of 5', 7' -dichloro-6'-nitro BIPS is dig-
solved in c¢thancl A colorless species, U, is rapidly formed. This
reaction obeys a first-order rate Jaw and has a half-life of approximately

f 3 A0 : : : .
four minutes at 207°C, At this tempe.ature, after approximately

B
(@]
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thirty-five minutes, a state of pseudeequilibrium is reached between
Cand Uy, At this time the kinetic data indicate that the concentration
of U, is ata maximum.

A large guantity of colored sclution was prepared via the rmethod
described in Section 2,2, 8, and was collected in a storage bottle at 20°C,
Six portions of the solution were taken from the storage bottle and placed

in 10 mi, velumetric flasks, then stored in a constant temperaiure bath

at 20°C. A seventh portion was ,laced ina 0.1 cm. absorption cell
maintained at 20°C in a Beckman model DK-1 spectrophotometer where

the absorbance change of the sclution was followed at 531 mu continuously
for thirty-five minutes, The portions in the volumetric flasks were p};.ot.o-'
decolorized at various times between zero time and thirty-five minutes
after zero time, Each photo-decolorized s‘ol.'u.tion wa.g ,permifted:'to re-
color thermally for é.pproximately thirty-five minutes, “then the absorbance
of each solution was measured at 531 muina 1.0 cm, abs_orption cell,

The total concentration of the solution was found by measuring the ab-
sorbance of the completely colorless solution at 243 mypand d.ividingi'

this absorbance value by the molar absorptivity of the ¢olorless spiropyran
at that wavelength, Three separate runs were made under darkroom con-
ditions, A summary of the results appears in Table 3,

V The data in Table 3 clearly demonstrate the fact thar as the de-
coloration tire increases the pseudoequilibrium recoloration absorbance .
also increases, This is auactly what the proposed kinetic mechanism
predicts,  The photo-decolorization of the colored solution immediately
after its preparation results in formation of & minimum quantity of U,'
since U, 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 U; is present to reequilibrate, Also, colored solutions which
are photo-c¢rased at times intermediate between zero tirne and thirty-five
minutes should produce a quantity of U; which in some manner corresponds

to the length of time the colored form was permitted to remain in solution,

2, 2,11, Calculation of true first-order rate constants and

equilibrium constants, - The following equations define the equilibrium

—

constants for thes colored species @ colorless species equilibria,
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3 1,
K. **;--(-j-;c = —E«*—- (ethanol) {20}
_ .- N(ﬂ({ 'k,,
Kp - Tileg = E (ethanol) , (27)
C
K, = .e-g.. P K - \
tT U -eq Ez (toluene) ‘ {28)

where ch, U, -eq and U, . -eq xepreqent the equlhbrmm concentrations
of rhe various species.

K. and K, can be read*ly calchlated 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 previcusly demon-
strated - ' '

-0

Kp = A‘—ZX o (21

The calculatea values of Kc' K, and K; are compxled in Table 4.

The values obtained for K. are quite afcurate. As equation {21) clearly
~shows, the calculation of K K, involves the subtraction of two absorbances.
These absorbances are, in t}ns case, of the same order of magmtude.
Thus congiderable error is mtroduced in th*s caleulation, especially at
thgher temperatures in which case A; is not much greater than Ap_o.
The concentrated BIPS solutions that had to be used in the
equilibrium measurerﬁents in toluene coniributed to the inaccuracies
of these measurements, Under these condition#, impurities deviations
from ideality, and the extrapolation to infinite dilution calculations all
teud to introduce errors in ¥, R |
The thermodynamic relationship between equilibrium constant

and enthalpy is ® - C' 8inK_ N L s

= 2
b /p T (29)

where X, = equilibriurg constant
MO = grandard enthalpy of reaction
R = gas consiani

T = absolute temperature



TABLE 4

Equilibrium Constants for Soluticns of 5%, 7' -Dichloro~6' -NitroBIPS

Temp- Measured Values | . Values Calculated from lines
erature ' T of Figureml'-),, 2 and 3
___(__Ci_ Kp. Kexi0®  Kpd0P? K, Kxl0Y Kel0P
o . a5 a68 . 201
' .42 B 5.80 2,67 120
14 ezt T usa 6 9',8:‘_‘ - Lyovaf us0.
w0 8050 3.57 0 2,45 810 3,57 1,87
30 U103 a8 T 265 15 488 2,65
40 5,43 3,33 13,4 5.44 . 368
0 s 5,050 16,8 6,68 505
60 - 7,82 21.0 8. 05 6,70

a - Extrapoylated to infinite dilution,

46



If LH? 1S comstant over the temperature range in question,

equation {29) can be integrated as follows:

o 10
InKgq = - o

q wi~ © Constant {30}

Thus a plot of In Keq’ ve, i’f' yields a straight line with a slopa of 2K/ R,
Figures 18, 19, and 20 are plots of the measured equilibrium constants
vs. 1/T. Table 5is a listing of the measured values of the equilibrium
cons’tar’xts' and the vaylues obtained from the lines drawn on Figures 18§, 19,
and 20, '

The true rate constants (k), k;, k3, kg, ks, and k¢) are related
to the measufed"rfater constants (kg, ks and ky) ai‘ld thé equilibrium constants

by the following ‘equations:

ke =k kg | L3
i : ‘
ke : ' ‘
KP, o o (32)
k'!‘.: kf . -
! —K-pq o ' ' (33)
and Xk, = M1 Xp (34)
STORET |
p
. = k, *+ kz . . -
ks * Ky —_(*LTK;‘"> kg (38)
K = 5 ; (36)
k, ‘12{2 i} Kp" 1 -
T % (37)
p
1K, *1) k 1) k
LY D R S (38)
Kp (1+KL3) Kp
since 1 oK, K ¢
c ky e WpT 1) K (39)
4
kg + k‘z‘ = \Kt (40)
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P B

gince 1 >> K, P . . o
. t K ::I tkt' . Kk, L , (43}
KT O :

Table 5 is a listing of the Teasured rate constants at difierent

temperamres. Table 6 lists the calcula.ted true fxrnt-order rate. constants o

at different temperatures. © In making the calculations descnbcd in
'equamns (33), (34), (38), (39), (42) and (43) the values used for the
dppropriate equxlibrium constants were obtamed from the lines drawn on .
Figures 18, 19, and 20. ' ' ‘ |

2.3, Ciaiédlation of"thérmdd)inimié functions frormn rate consfants

and equzhbrxurh constants, - As has been previously demonstrated 5 A H
for the ethbria can be obtained from the slope of a plot of In Keq Ve, 1
5

Smce-rr - aF ,-RTInK R )

i

The standard free energy (8 ¥°). can be ralculated for each ‘equili-
7 brium reactxon from the value of the equxhbrmm constant at a given '
:mpcrature. ASO A H° i, F- ‘ - ) (455 ‘
ince - “ : e uas el
the standard entropy of reaction (ASO) 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
encrgy in the following manner - '

k, = fMexp (-E,/RT) - (46)

r
or 7 Ep
in kr:ln A - n’vrr‘ . (4 /)

where kr = rate constant for reaction
F’A = activation energy

A = frequency factor



TABLE 5

e s Kbt

Measured Rate Constants _f_y_{r_

Solutions of 5%, 7' -dichloro- & -nitroRBIFS

Temperature ke ' k

8 Ry |

cc) ' {eec. ~1) , {sec., Y} {sec.- %

6 Lesx1 2261077

8 . A 443 x107% - 7.98x107" .
14  Lax07  2.04x10% 6.37 x 10-*
20 7 5,06 x 10- 5.',58 x j0-¢ L55 x107%
30 1.29 x 10 2,88 x 107° 6.10 x 10°*
40  2.84x107? . L26x10"* 1.95 x10-%
50 , . . 4.95x10-

60 - 373 x10°2

b i



Temp-
erature

(°C)

K

{sec, 7Y)

TABLE 6

e Ao e

Caleulated Firat-Order Rate Constants

fox Solutions of 5!, 7' -dichloro-6'-niireBPS

kp

'.(aec.fl) ’

kj

(9°¢&7i)'

.k‘

;(eecéf*),

ks

_, (sec. ;_1)

’ ;”c.;_})

0

3,

14
20 -

30

.40

© 50

60

3.95x10°°

6.51x10"®

1,28x0°*

3.36x10-*

L1202
. 1,98x107°

. 1.63x07%.
3, 78104
8.82x10"%

2, 72x10~*
1. 17x10-%2
2. 64x10-2

2. 74%10°7
9. 35,1077
2, 342108
 6.27x1078
3,15x107%

1. 35x107*

5. 26x107%
1. 81x10°2

2.50x1079
7. 23x10"7
2, 24x10-*

1, 40x1077
7,390
" 3,50x10"6

1. 4531076

5,97x0710

6. 37x10-*
1.55%1072
6. 10:&10’”? ;
L95x02

9.6830077
2,90x10%9
1 ezxio'“ji- St

7.06x10%7."



Thermodynamic Functions Derived from Equilibrium

TABLE 7

N

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

Process

——— Pt

U]"‘"C

©(30° Gy ethanol) -

Uz,-'*C

(300 G ethanol)

' .Uz".'.. Cv' 7
(30°C, toluene)

AXP

4,600

13,900

6, 100

é'al/rnole! _ 77 L

. _A_F"-

. Acal/mole)

T Zy,4000

3,200

6, 300

. Aso .7 . ) .
“{cal/°Kmole)

9.6
22

.'o,'7_'



Therefore, from the slope of a plot of In k, va. —lr the
activation energy for the reaction (EA) can be caleulated, while
the frequency factor (A) can be obtained from the intercept of this
plot.

» Figures 21 through 26 are Arrhemuﬁ plots x’or the &ix vate
'constants siudied.

: S - L
- From transition state --theory it-is known that -

¢

R T S 2
: aF  =amt Swast - (500

where AHY = enthalpy of activation
agt = _entrop);'rof_éctivation
AF' = free energy of activation _
h o = Planck's constant
k

3

Boltzmann constant

The values of the " thermodynamm“ functions are listed for the
six rate processes at 30°C on Table 8, '
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2.4, Conclusions,- fthas heen demonstyated thar athanelic

solutions of §', 7 -dichlovo-5'-nitvo BIPE undargo the following thermal

vazctiong -

Iy K
Uz 5 e © I {4
’(ﬁ ’ : - ka )

_ where" Ux and Uz reprﬁgent two dxstmct calurlnsn BIPS apuc,xe».s in dynamic

- eqmlilu‘mm thh ’(’hf‘ colored modxf;cai,mn of the BIPS, G In tohmne,

howev?r. equxhbration fakes pkace by only one set of readtions, - -

e ?-—Jvz o @
K- | o
One explanation of th;.s behav:or us the hypothesm ths,t the fmt

‘ decolcratmn reaction in ethanol is clue to a rrucleophzlic attack on the
! '-spxro carbon atom of the wpen spimpyran form by an ezhanol moleaule .
, Equation (51) describea this probesa. o ' Lo

~EiOH (81)

If equation (51) actually does take place then the U, formed would
not be expected to absorb in the visible since the conjugation length ie

shortened, It would also explain why in non-polar solvents, where such

an attack ig dm

2, thare iz obscrvod only one thormal fade rale,
Ona could alse expect that this effect conld be greatly megnificd
by the addition of a hasce which would ac¢t ag 2 much stronger nucleophilic

agent than ethanol,



If & sivong bass such ag MaOH, NaOUllh, cio,, ig addad o a8

anlution of the colored modification of 5, 7' ~dichloyc-6' -nitro

room tempevainre the ved or bine coloy {depending on the gsolveni)
immediately disappears leaving a yelow golution, while at -80°C the
original colored BIPS zolution remains unchangsd, The addition of
water or acid, to this yellow eolution restoren the solution to its
original color. This indicates that the colored {open} modification of
the spiropyran is in some manner bound to the base b\'ﬁ;,. since color is
instantly renewed when acid is adde’d, probably still retains its open -
coxx_figuratian. , o 4

The yellow base-adduct, just described, does not appez-xi‘ to have
any photochromic properfies., Ultraviolet irradiation of the yellow
solution does not appeaf to change either the spectrum or the properties
of the compound either at room temperature or at -80°C. (it might be

-#ssumed that a photochromic, aplitting of the base adduct might not be
observable at room temperature due to a rapid recombination of the -
base with the spiropyran. However, no photochromicrreé.czion taken -
place at -80°C, a temperature at which the rrecombinatioh reaction hasg
been shown to be negligible, If one is willing’to‘aae-ume that this base-
adduct has a similar structure to Uy, then it appears very likely that -
U, is non-photochromic. B

Figures 27, 28, and 29 are sketches of the various energy and
entropy changes that the 5', 7' ~dichloro-6'-nitro BIPS undergoes during
its thermal transitioris. Although the science of thermodynamics does
not depend on molecular structure it ie possible to make some structural
interpretations of the energy and entropy values shown on Figures 27,
28, and 29, )

The energy or enthalpy should give a rough measure of bond-
atrengih and resonance stabilization. The entropy is & measure of the
pogsible conligurations of the molecules or it can be looked upon 28
represeniing a gtoric factor,

Wigure 27 demonstraies that in ethanol U, and Uy have almost

the same encrgy while C is the least avered form encrgoetically by

23
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about 4 Keai/mole, The activation couevgies rangs from approsirndicly
20 - 30 Keal/iraole,, which in not unusual Jor solndion processes of fda
Ey e, )
Figure 28 shows the eulropy relationships for the procogses in
eihianol, It is innediately evident that both Uy and C awre of congiderainy
_gi"ea.te r entropy than U;. High entropy indicates yaove possible mote.
cutar configurations or less stetic hindrance. It therefore appears that
the U, form har coneiderable steric hindrance. M the U, medification
actually bas the structure 3% shown in equation (51} it is not unreasonable
to assume that thmgﬂ conld be ceamped around the spiro-ca rbon atom.

& further expezrimental verification of this structunre would be fo muaauie-
the shift in K_ with butarol as a sélvent and with methanol or EtOH = HaO
45 a solvent, In the first case the steric effect should be even 1arger

and the egquilibrium should be shifted towarde the colored spec:eﬂ. In
the secqnd and third cases the reverse should hold true. ‘

It is believed that the colorless form (U;z) consiats of two ring '
structures joined at right angles to each other at the spiro-~carbon

atom as shown belows

JEv—
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It is thougbt that the boad belween the oxypen alom in the cing

sysicm and the spiro-carben atom opoensg to yield the colored fovmm -

()

From a comparison of the stz-uctxxix'ea of Uz and C-vaiconclusib"n .&n._ight
be reac}iad ﬁhat there are more configurations available to c than to U, and
that C ahoﬁld be the 'entmpically favored species, VAn bemminatioh of Figures
Z‘Band 29, however, indicates that there is very little entropy difference be—‘
tween C and VJ; 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-
tiona, Anv non-planar configurations would break up the conjugation
aystem and thue destroy any visible absorption,

2) The entropy change measured is that of the complete ays-
tem and therefore the entvopy chenge in the solvent raust 2120 be con-
#idered. The coloved form {C) is more polar ¢
speclas {U;). The solvent molecules would bo more stroagly ativacted
o G roclecules than to moleculen of Uz, This would result in a de-

cirenae in the posasible configurations of solveni molaculas with aa

~-69.-



overadl decrease in entropy of the solvent molecules when U, €,
This decrease in eniropy would be compenuaaied foy by the groatar
cumber of conlignvations possible to the colovad foxim.  The aver-
all result could correspond with the very small calculated entropy
change, | '

Jtis interesting to note that thé transition atate between G and 1, is
of h'igh entropy than e¢ither C or U,: This phenomenon indica_tes th‘af ,thﬂ re
are more ailéwa.ble ‘configurations of the BIRS molecul& imme.diately be-
fore ovr immediatel& a»fte;z" the formation ot rupmre of ﬂxe car_bon-oxygen
hond tha.n'there, are in the lower_—eneréy vibraﬁiﬁha] levels of eithor species,

' 'IAn sum‘niafy, it may be stated that .'t}'m detailed stud.y-_ of ,thé: _thcl;rha,l
| behavior of 5!, 7‘"'»--_'di;:hloro--6'iw1'zitz'o' 'HIPS ha s. been.s'uccessfullyfconclt;{d_«é‘.;l.’
The informatic;n abtained is‘houla‘ be of conaiderable value in the thermal and

photochemical studies of other photochromic compounds,

- 70



3. PHOTOCHEMICAL STURIES QF 5, 7 -DIC

LORQ: O -NITRO BIVS

3. 1.

guantitative photochernical measuramants, -

The apparatua, as shown on Figure 30, was desipgned to periform the
following {unctionsy 7
(1} Obtain accarate values of quantum efficiencies
{2) Follow the increaas or decrease of color continuously
as a function of time »
(3) Allow for simultaneous irradiation and readout
either at different or the same wavelengths
{4) Eliminate errors due to 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. 7 7
The set-up is essentially a Beckman model DU fip'e'ctrophotome,ter, _
modif.icd'so that the sample can be irradiated by an auxiliary iigl\t source
while in a readout position. 7 : . ,
The monochromator section of the DU has been placed on a 6 inch
stand, thus allowing access to the under side of the cell compartments,
A 10 cm. cell compartment, placed next to the‘ monochromatcyr, frees
the reaction compartment from the lamp housing, The reaction compart-
ment has 1 1/4'" % 1/2" openings in each end to allow for the entrance
and exit of excitation radiation. Contained in the compartment is a
thermostatted braas cell holder which can accommodate two 1 cm,
reaction cells (4 sides optically clear). In the bottorn of the compartment
a braes bushing supports a shaft to which is attached a cylindrical
magnet about 3/8" in diameter, which protrudes through the bottom of
the cell holder and is positioned glightly below the reaction cell. Ro-
tation of this large ragnet cavses rotation of a small Tellon embedded
magnet that stirs the reaction solution,
The optical train  is mounted on a small optical hench perpendic-

ular o the readout path of the DU and consisis of the {ollowing componanatas

271 -



{1) The light source, a 550 watt Hanovia {H73A-10) mediun

pregssure mevoury are contained in a water cooled housing

{2) A quariz lens 3 diameter, 4 focal length

{2} A f{ilter fox isolating the mercury lines

{4)- A shuiter arrangemeant
With the exception of the light source these componenis are mounted
in telescoping tubing to exclude 2}l astray light.

The cover for the siandard cell compartment {(between the 4
reaction cell compartment and the D, U, photomultiplier) supporis a
rotating, cylindrical shutter which is connected through-a flexible
cable to an identical shutter positioned at the entrance to the pho’tm
reaction compartment. The shuttexs are driven out of phase with each
other by an 1800 RPM synchronous motor, ~Thus no irradiating light
enters the reaction cell compartment during readout and vice versa.
“This system eliminates errors in readout due to stray light caused by
scattering and fluorescence and allows readout at or near the irradi-
ating wavelehgth. Attached to the exit of the photor;eactioxa compartment,
is an Aminco photorultiplier detector which is used to determine the

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

3,2. Filters for isolation of mercury lines, ~ The 366 mu

group of the mercury spectrum was isolated by the use of corning filters
No. 7380 and 5860, This combination has a transmittance of 0,18 at
366 mu,..and a band half-width of 22 mu.

The 313 migroup was isolated by a combination of solution
filters contained in a three compartment quartz windowed cell plus a
“corning glass filter. The following solutions were usedaa 5 ¢cm. of
0.178 M nickel chloride, 5 cm., of 0,0005 M potassium chromates 1 cin,
of 0,0245 M potassium biphthalate. The glass {ilter wag a 3 mm, Corning
filiey No., 9863, Thig combination has a transmittance of 0. 33 at 313 mun
and a band half-width of 12 myp.

3.3. Actinometric dete;minfgtior_x}){_i_i_g}l‘xt J'.ﬂt.el\f.l}',ti“é‘-ﬂ, « The

. . ) ¢
actinometer aystem used was that described by Hatehard and Parker .

Potassium ferriovalste decompoaes with Light to give {errous iong,
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These iowns react with o-phenanthroline to give an orange coloyed
complex which ean be deterrined specirophotometricalily,

Approprinte solulions weye prepared and a calibration curve
constructed (see Figure 31) for the ferrous-phenanthroline complex
The extinction coefficient for the complex calculated from this data ig
1.107 x 10° Ater/mole em, at510 mp,

Alter allowing sufficient warm up time for the Hg lamp, each
of two 1 cm cells were filled with 4,93 ml of 0. 006 M potasgium
fervioxalate in 0.1 M H,5Q,. The sample cell was irradiated for a
measaured time under conditions identical with those to be used on the
photochromic samples. 0.51 ml of phenanthroline-buffer solixtion was
added to each cell and the absorbance of irradiated solution was determmed
at 510 my on a Be ckman Model DU apet_trophofometer using the non-
irradiated solution as a blank. The incident intensity {I) of monochromatic

~radiation entering the actinometer solution is ngen by the following

equationt
1 = Dspe¥ | o (52)
tespoq ¥
where -
Ag,¢ = Absorbance of ferrous-phenanthroline solution at 510 mu
-3
v = Total volume of actinometer solution (3,44 x 10 " liter)
t = Time in minutes
8510 = Molar absorptivity ferrous-phenanthroline complex
at 510 me. {g;0 =11, 070 liter mole ! em, -1)
® = Quantuin efficiency of ferrioxalate at irradiating

wavelength, (9= 1,21 mole einate:’.n-‘ag 366 mpu and
p=1, 24 mole cinstein tat 313 mp )

P = Path length of irradiating light (cm.)

1 = Incident. intensity of radiation on actinomneler solution

{einstein min. )
Fyorm this quantity the value of I, that is used in the vate
equations for photoconversion, ¢an be caloalated from tha following

-z larvionshipa
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i e
b
Whare
‘."} = Volume of BIFS solution ivradiated durving photo-
43

conversion {litar)

The actinometer system pMalachite green leucocyanide was also
used to obtain incident light intensities. In an ethanol solution this '
material turns from coloriess to green with & quantum yield of 1. 00'’
at 313 mp irradiation, A neutral density filter {of measured trans-
mittance was inéerted_between the source and the sample to reduce the
radiation to a level where the actinometer functions properly. The

~calculation of incident light intensity is identical to that of the previously
described procedure.

Values of light intensity shown below, determined by theas two
independent systems are in good agreement cunsidefing that the con-
siants used in the calculations for Malachite green system were taken

from the literature and not redetermined on our own instruments.

Incident Light Intensity

Ei’lﬂflﬁﬁk‘iﬁf Malachite Green 1. C.
Run Nao, 1 2,17 % IOHPhOtons isec, 1.83 » IO“PhotonB/sec.
Run No, 2 2.23 x% 10HPhotons/sec. 1.97 x IOHPhotons/zcec,

3.4, Solvent absorption - In the determination of quantum yield it
ig necessary to know the amount of light absorbed by the reacting species,
Absarption of light by the solvent due to impurities or to the jnherent
celectron structure of the solvent molecule roust therefore be taken into
considerarion, To determine the absolute absorpiion of the aolvent iteelf,

covrgctions must be made for reflections at tha cell window interfaces

: . ; . 11
and for the absorption of the coll windows

-Hi



Assume 2

2 cell baving iwo parallel quartz windows with the
c . an®
angle of incidence a2t 90

3

H 2 3 4
Y
s a1 po .
/ ol # -
” ool g A4 Ay
quarys .. "g//l contents ;’,,/ g’y
LR s

The reflectivity at aa intexface iss

(54)

where ny and n; are the refractive indicies of the substances forming the
interface-at the irradiating wavelength,

let Z ';, = Total light lossen at interfaces up to and including j
‘- ! :
then Z = Z3 %y - 2% 3 Py

177

(55)

whereVZf-,:-Z';_*p, :Z';, p3
b - 247, py

{56)
and 24 =21l 20102

1 -py P

(57)
From the cell filled with air (empty) the light losses due to

absorption and scaitering by the windows (Z ) can be calculated (assum-
ing air to be 100% transparent,

y ES - { + 2, ! , -
L VAT " 270 550 (58)
where T is the measured transmitlance

Uaing this correction, the absolute tranemittances (‘I‘A) of other
substances within the cell way be calaulated,

{59)



TAIRLI 9 - Absorpiion of L, w}u by Solvents

Laght Window Talltcm,
) Losses Tisa Abs nr,pi ion  {Absolute
Bubstance Ny (%) Mem ) T*Zy  {Zy) - Traas)
Quartz 1,48 — e o 7 - .-
Air ] 1. 00 CL 136 L R42 L9778 : . 022 1. 000
Water 1.33 © .080 896 976 L022 1998
Toluene 1.51 L073 .315 L 388 L0022 L4l0

3.5, .Rare engAtions for sunultam;ous reversible photocherm.cal and .

 thermal reactions of BIPS rompounds. - Conegider a BIPS compound in

ethanol or some other polar solvent being irradxmed with monochromatic

light of such a wavelength that photouhemxcnl switchmg is possxble. In_thla

system the followwg reactions take place,

k . .
1 -‘m—ﬂﬂ-—nmwm ty I .

U St ¢ o3 U, : (1)

k,} kz
@ -

L

C - hp R U, ) (60)

M2

&s has heen mentioned previously, there is reason to believe

that there is po photochrorus transiormation botween C and U, and

l
vice versa, If this reaction were ciarried out in a non-polor solvent
where there is no {23t thermal rate then instead of equation (1) we would

have eguation {2).

Uz ()

\»

=Ly

Going back to eq. (1) and ag. {80) the following r.te sqoations

s the forvation o O, Uy, and U, as a funclion of iimne,



- N oo+ [0 § P N (O A P (0 PP By Iﬁmg
avy 1
az,.l = kO - kU,

© AU, '
ars o Kg© - kg U, ':?IIE{{‘. " q’zla.uz

and C + U + Uy = T

Where C, U, and U, again repregent, respectively, iihe"mplar. concentration

the ¢olored and two colorless BIPS species (mole liter '),

" T = Total BIPS concéntra_tion of all species {mole liter~Y)

"t = Time {(min,)

ky, k,, ks and k, are lst-order rate constants foi' the in'dividuall '

processes of eq. (1) (min, f?): v, and g, are quantum efficiencies at the
irradiating waveleng:h for the processes of eq,{ 60) {(mole e.in_m,ein“‘"),

1, and Iau«,g are the intensities of light absorbed by C and U,
respectively (einstein min, ~!liter”?).

The following assumptions are irr{pliv:d in allowing the above rate
equations to describe the formal reactions;

(1) @, and g, are independent of concentration.

{2) "here is always perfecti mixing in the reaction solution,

(3) If any indevmediates ave formed, they are short lived and have
wo effect on the rate determining sieps.,

{4) Absorption of light by the solvent is negligible.

(63)

{64)

of>




Now -

bl

A
i 2 iy

Where -

rmin, “Hliter-t),

L)

e {65
[ ] y * , )
.l L
- e B 5 2 o { 50)
2y Iy Gy g v Gp . .

= Total in‘ienmit-y of light absorbed by solution (einﬁtein

sy apdj'_ axe the molaf-abm'or;)tivi;ié'i of C, Ulf é.nd..‘(‘_j; .-

ra,épécﬁvelry at the 1rradzatmg 'wévele._xxgthh(li-te:r mole ‘cm, ~1),

" Also from the 'Be‘é'r-lgambezjt law .

I,

Where -

&

liter ™'}, |
| P
and -
ts, U

where A

e
ER

. L [l ;i.o;(gll-]; + eaU,}“cCC')'VPV] o

[ e O
BERRYGLIIA B

= Intensity of light lncident on solution (ainsteinmi'n. “1

@

Path length of irradiating heam {cm. )

p t Uy + g C)P = A { 68)

= Qplical density or absorbance at irvadiating A,

z

sstitution of eqs. {65), {66), (67 and {68} into

¥
eqs. (A1) and (63} the following rate equations are obtained

-850 -
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Fle U, v ki, (6%)
dau, :
Ft o= MG - kG ()
au, LP{1 - 1074 : ‘ _ :
L LE{ 0 ) (meC ~ waeala) 4+ kG -~ WU~ (71)

In gcneral, this set ot egaations must be solved by'a.pp;'.oximation
methods, In cextain specific éases, linted beiow, the equations éan'be
simplified, | |

(1) Verylow concentration of BIPS in solution - In Vthfm casa tfhm.
approximation (1 - 1074) 4 2.303A can be made. -

{2) Very high concentration of BIPS in solution - In this case the
approximation 1074 a 0 can be made. ‘

Unfortunately, at either very high or very low concentrations of BIFS,
it becomes quite difficult to accurately determine small différences in optical
densgity, Or, the cases where the mathematical analysis Vbecdmes more gimple
are the same ones where it becomes more diificult to obtain accurate |
measurements,

I the thermal rate constants and molar absorptivitiee are known the
guantum eificiencies can be calculated from initial rate data and from

neasureraents at the nhatogintionary state, ¥For oxa

3 iy 2 - k3 £ Yy TR, A

1~

U, - T.




Egquation {69) reduces to -

- act, - - g .
(57) = kg T - L1 - 1075 e, {72)
=20 7
or -
' g 1o o
(sa.‘:t‘%, o et
(‘\z - — = (723)

I (1 -10°%F
, . CAG ’ : :
Thus, by extrapolation of T to t= 0, and from the value of the
absorhance at t= 0, » ¢, can be calculated. _
: . : - [acy
At the photostationary state (-&-{— ) = 0.

‘_Theréfm'e from eq, (69)

[n(kl"-&kg)cp' & Rzulp'+ kﬂUzPJAp
LP(] - 10"‘;»)«.:(:p

Py

+ 02522 (73)

[ ]
f
¢

where the subscript p indicates the value of the quantity at the
photostationary state,
" a solution of freshly prepared colored BIPS is used to ohtain the

initial rate data then at t_:;o, U, =U, =0 and € =T, From ey, {69) -

-~
-
N

-




A meihed of determining whethevr the mechanismes described by
equations {69}, {70}, and (71} are consistent with expervirnental evidence
ig as follows, Measure C, U; and U, a9 a function of tirne and calculafe

AC AL, AUz as a fuaciion of thine, Substitute these values and
A t ! iy 1 ' At ’
the known values of rate constante, molar absorpiivities, :.tho:l‘banCﬂB,

etc., into equations {69}, (70), and (71), and see whether the values of

9y andm, calculated from these equations remain constant tnroughout

the photoconveraion, : | '.
Sinee C i8 the only mdepcndently mnasurabie sapecms. U3 and Ul..

—c&rmot be dst@rmmed uuhwdua.lly at moqt times, In ethanol it is

A

.mecessary to make calculationa for qua ntum ywld from lnitial rate data”.

and from the mc.asurements at the ph()toatanonary state as has been :

: prevmualy dcscubed All quantur yield values reported to date lnve
_been calculated in the manner deucrxbed (both ethanol and toluena)

Aﬁeuming that U, does not’ e:uat in toluene and therefore Ug =T-C,

(where T is the total concentration of BIPS present) equation (69) can be

rewritten as followss; (asaummg Ky =ky= kg =0 and P =1 cm)

ac oty o 4o ‘ : -
T 4,..........7{_.,.,...4 ngzez(_[-(_,,) -(plscc] - kg C {75)
or rearranging -

+l£3 (') A
)

'&"
Ig(1-10

=- (9 6c*Prea) Crop g T o (752)

If the term on the left side of eqguation (75a) is plotied against C,
as shown in Figure 32 and Table 10, the slope of the limm will be -
{p €.tz ez and the interzept @ € T. ¥From these values ¢ and ¢ can
be c:l&h.ulatf.sd.' The pruxmry dn.adw%ntagp of thip type of calenlation is
thai it is time consurning. The values of ¢; and ¢, obtained from & plot

of eyuation {752} in ¥igure 32 2groe well with those values obtained from

-83.



99

189

279

369

TABLE 10

Data for Quantum Yield Determination.

of § , 7" -Dichloro-6! -Nitro BIFS in Toluene N
 “RunNo. 19 at 366 mp = 20°C

G (moles/liter) (gt ks C)A/L(1-107%)

2.08x107% 2. 771072
R . ;3
4,53x10 Z,B6xi0
7. 70x107° | 2, 79x10”
1.01x10"" 2.31x10"°
1. 20x107° 2.40x10""

4.
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from initial vate and photostationary avare daia, a6 shown belaw?

e .
Initinl rate and photo- ~ 0 a0 0. 608
stationayy giate data ,
Eq. (37) plot {least - 8,042 0.638

squaxes results)

3. 6 Quanntauve mfzemuremem of the p}mto chemical reaction of -

spiropyrans in solution. - 'I’hesr- reactions were carned @ut in the same

cell as were the actinometry mneasurements, Phree mal. of calorleas .

¥;) BIPS solution was placéd in the thermostatied absorption cell, -
- With the stirrer sta r_ted; and thre' readout 'bysw}ns: ;aiﬁilraf.é;d, t})e
‘shutter in the ultravimlét 'irra’diatian beam was opehad The resulting
: color iormatic.m waa followed as a function of ttme by plottmg ‘the trans~-
y mxttance at )\max, “f the colored form vs, time on.a stmp chart recorder -
'connectcd to the DU, readout. From this mfarmatmn ’E"’“ can be ms]cu— "
Jlated. , o - ‘

The tranamitted intensity of the irradiating Hg lme wa_s also
momtorad by a phoromultlpher - recorder arrangement. ¥rom these
data the absorbance of the solution at the excitation wavelength LA in
eqs. (69) and (71) Jcan be calculated. » A

The irradiation was continued until the photostationary state wasg
reached, At this point the shutter was closed and the saraple allowed to
- thermally decolor while the absorbance was still being recorded. From
this 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 wag detected... This implies that under the conditiana of
irradiation, at the photostationary ﬂt&t*’:‘.,r C and Uﬁ' are also in a state of
thermal equilibrium,. Since the equilibrium constant is known, the con-
centration of U; can be caleulated,

SGince the concentrations of all specice, the molar abscrptivities

of © and U, at Aexp, and the total absorbance (A) all are known, at zero

~G6 -



time and at the photostationary stste, enough information is availahle
to caleulate the guantuns cfficiencies, ¢, andw, as describad by
equations {72a) and {73). _
An alternate method is similar to the one above except that the
mlnal solution contdins only colored species,  To prepare the eolution,
a small arnount of pure solid (.olorod BIBS was prefued into & 13 mr.

type OH Mxlhpnre filter pad which in turn was placed in a Envmny Hypo- -

~dermic adapter. The yrradmtmg -ineasuring instrument was set into

operatmn with stirrer runhing and bhutter open. A syringe Loni&imng

: rapprommately 3.5 ml, of solvent was attached to the adApter -On

depreasxon of the syrmge plnnger the solvent’ dsssnlvcd the colored

- BIPS and nnmedmrcly swepl it mto the reac.tzon cell thv,a,t was already |
- -‘.-.wmtmg in the n'radxation-pmh In-this marmer. csaentmlly no tirde
.—, “was lost between the’ dissolving of the’ BIPS and the’ start of the - 1rx~adza‘ _

tion, Thusatt=0,C =T, U =Uz= 0, and from f*Quatmn (74) the o

quantumi efﬁcu’ncy ﬂ can be Lc.lgulated

$ 7. Rcwﬂ. - Quantum efﬁcxenues were nbtamed for ‘both’ the

' forward (Uz embbemy. C) and reverse ((, ,__,_,ﬁ’,.._.,, U,) photo chamxcal

reactions of 5, 7 -dichloro-6'-nitro BIPS in both ethanol and tolueng

with a 366 mp excitation source, The results are summarized on

Table 11, It appears that in toluene the forward reaction is move
efficient and the reverse reaction less efficient than in ethanol., As is
shown on Table 1'l, there is good agreement for the value of ¢; re-
gardless of whether the pure colored or the pure colorless compound
wag used as a starting material,

An attempt was made to obtain the quantum efficiencies in
toluene using a 313 mp excitation source, The work progressed in a
etrajght forward manner uniil ihe czlculation of the quantum efficiency,
w,, for the hack reaction (€ ~ U) from the photostationary state daia
was made, On four separate runs thiz quantity wae negative (-, 1 o
-~y 3) which ie inconceivable, Usiag an altcrnate method for delesrining
gy by starting with pure coloved form, positive vialues were obfained

in the raage of 0,2 to 0,14, Although corrsctions were made for the



Cueuntwin Yields of $', 7 -Dichloroe-&' -Nitro B3PS

Cone, § M)

3.97 . x lO-F‘»
9.97 x 107"

9,97 x107°

9.97 x 107"

, e
1,00 x10

1.00 x10™"°

2,40 x 107"
4,26 x 107"

Cone, (M)
4.98 x 107"

4,98 x10”°

“(ethanol, 366 mu, 20°C)

: s ) .
Einsteins /Min, Pz
Starting with Pure C.ol;atle.an Form (U}
1.90 x 16-° , 8,312

S oL99x10Tt 0.299 .
C2.0v %107 C 0,295
-8 - .

1.45 x 10 S 0. 301

. PP T e
1.43x10 ° . - 0,314
1.40 x 107 8 - 0.313

-Starting with Pure Colored Form (C)

1.40 x 1077 -

1.40 x 107" -

{toluene, 366 muy, ZOOC)

I
Einsteins/Min, P,

.44 x 107" .623
1,47 % 107" . 582



absorpiion of 313 rap light by the solvent { see avction 3,4), and the
values of the important pararaeters were rechecked fexrinction co-
efficienig, rate constanls, cle, ), non-reproduciblia or impoassible re-
sults were still obtained, It appears thatl there are 'afill unre.saived

factors influencing fhis particular system, Resulis are shown in Table 12,

50



Lhzammm Yield and ¥

T4 ahi_m;z.

:.«.til’b'"tl‘@n Coefliciants

for 5, 7' ~-Dichloro-6' -Nitro BIFS in Toluene Waing 313 mp Razii&tlmxﬂ

Con-
centration

{mole/ Iim__l

'4.9&:40 8
4,98x107%

7, 02x10%%
s 02:10--'5

:,2 05x10"5_

- 8. 58:&0"'

X max =594, mp

.k -
'{mnbtginémigﬁ) 7
2.49x10°8.

2. 59:.,10" o
"z Z?oxlﬁ"“
2, zs;uo*'-

2,24x0070 . - |
224007

Tk,
t
Smin:_:_‘l_
9, 6701077
2“213:10'1 -
2. 863101
9. 31719-2

9.26x10"%

8. 721072

$z

gy ossr

° 502

478
<399
L 420

-.192

-, 480

-s 127

s232

) 81

[ -. 340

Co‘rre,ct_ip-né
Applied

-Started with
" Pure Colored

Form

Extinction coefficient of colored species at Apmax = 4. 8x10? liter/mole cm.

Extinction coefficient of U, at 315 my = 5.13x10% liter/mole cm.,

Extinction coefficient of U, at irradiating A =5.10x10%liter/mole cm.

Extinction coefficient of C at irradiating x= 1. 29x10%liter/mole cm,

k; = measured overall thermal rate constant,

S0



4. MEASUREMENTS OF THE THERMAL AND PHOTOCHEMICAL

gggq,‘p‘gtg“ OF OTHER PHOTOCHROMIC COMFOUNDS.

4, . Investigation af six representative BIFS compounds, - In

addition to the intensgive investigzztiqn' done on 5', 7 ~dichioro-6' -nitro
BIPS at sevaral temperatux"es, 8 pr'ogram was underiaken to study the ,
ther “fml and photochemical properties of six other compounds in toluene
at ?0 . The study of these other gcmpounds glves some. mdxcatlon of
the smularxtwa and duierences that can: bP expected among \rarious '
spiropyrans, ' , _ o ‘
' ~ The study of these c‘ompounds in toluene proveeded via the’ follow- :
“ing steps. : C ‘ ' ’ '
B Determmdtmn of the molar absorptw:ty of the colorlesa ‘orm
" atan absorption maxirmum in the ultraviolet region, . )
2, Determination. of the. molar absorptwnv cf the éolored iorm
‘at the visible absorptxon maximura. ' ‘ _
‘3.;1’Determmatxon of the meolar abaorpthty of bbth the cqur u.sﬁ
‘and colored forms at the wavelength used for the- photochemzcal
. measurements, : S .
4, De»ermmatxon of the thermal rate Constanis a.t the tempexature
' used for the photochemical measurements,
5, Measurement of the photochemical color formation versus
titne using an irradiating wavelength of 366 mu,
6., Calculation of quantum yield usmg the constants obtained in
steps } through 5,

4.1.1. Molar absorptivity measurements,.- The determina-

tions of the molar absorptivities of the colorless spacies have been described
previously, Molar absorptivity determinations of the colored forms in
ijuene were more difficult due to the relatively faat thermal colox dis-
appearance rateqd. Attemnts were made to determine
tivity of the colored forme in the zame manner as that used for ethanol
solutions, Jun several cases, the absorbance versus time curve obtained

was 'O shaped, at first increasing then decreasing with time. It is believed



that minute particles of undissolved celored form were passing through
the millipore pad and disanlving in the absorption cell, thus giving the
. initial rise in cotor,
- An alternate method was dévised which made ust of the reaction
between the colored salt and a weak 6rganic bage,  Oince the salts were
(.,umplctew ingoluble in toluene the following prorfadure wzaa udeds A
- small amount of solid salt was placed on.a millipore hlter and inserted
into the SWmny adapter, A tolucne solution containing 0.5 ml. tr1ethy1<{1~ ‘
: A - " roine per 50 ml. was {orced through the filter, The éﬁtién' of the amine
' “on the salt produced colorpd form that waa cranaferred, in the sameée ‘

motion into the reactton cell The absovbance vu-aus time curve ahowed -

_ , _ the normal fxrai. order daray and extzapolatmn back fo zero txme wa.s:

P ’ i o done with little difficulty, The concentratmn was’ determmed from the

' -' _ decolored solutién"by its UV absorbance, The a.mme appeared to ha.ve"
little or no effect, ~The UV absorptmn spectrum and the éxtinction co-
efﬁuents obtmned in'this region in pure toluene were applled in deter-

* mining: the Bolutmn concentratmna except in the case ncted on Tablc 13

All extxnct:on coetﬁments (colored and ccﬂorless) obtained at
xrradxatmg wavelengths {(step 3) were determined by using the filtered.

» mercury arc hgh‘( source and- photomultzpher detectm as the measmmg
device, In this way no irregularities would arise ‘due to. differences in
gpectral 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 mu irradiation, - In

ocrder to obtain an indication of the effect of various substituents on the
efficiency of color formation, quantum yield determinations were made
on several different compounds of the BIPS serice. All the runs were made
on toluene solutions of the saraples for the following reasons:
1, Calculations are simplified since it i probable that no sol~
vated species similar to U; will be found in this system,
2. Both the thermal and photochemical reactions proceed at a
faster rate allowing more work to be accomplished in a shortar

tirne,

N
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3, Toluene solutions move nearly gimwlate the sysiome hoing
used in the ¢ye protection device, o
The general procedures for deterrnining quantum efficiencies and
for determining light intensities by use of the chemical actinometer have
been previously described, In addition to following the color formation at
the visible Amax, the total ab_’bor’ptitm of the ekcitation radiation was algo
followed with time in all of the determinations reported here, '
7 Due tc ‘the absence of the U1 specms in toluene the only reacnons

of concern are -

U 2 (mermey (@)
- o g U, = ¢ . Aphotochemical) - . {60)

o Since the thermal ethhrmm lies greatly in favor of Uz lq. is

- msxgmhcant compared to ky-and therefore Ty A k: where k ‘is-the- obaerved""
rate constmnt for the thermal c.olor dxsappearance reacuon. The method
. used in the calculatwn of the quantum effxczenc jes hag been prevxously
"deacr:bcd The results Are t«xbulated on- Ta.bh, 13, '

4 1.3, Extent ot photcchemlcal traneformauon from cc‘orlesa to

L(ﬂol ed farm of 7~Pheny1 -broma-6'-nitro- 8' -methoxy BIPS in sathanol, -

- The Beven ‘solutions prepared for use in the determmatwn of the molarx
absorptivity of the colorless form at 260 mp in ethanol were also used to
determine, quaiitatively, the extent io which the phototransformation
{ colorlesns 4 colored) takes place under conventionzl laboratory lamps,
An absorption cell of suitable path length was filled with the solution at
20°C and was subsequently irradiated under a mercury arc lamp (George W,
Gates, MIL-24F-C) or Blak Ray (Ultraviolet Products, Inc,y Mnodel XX-4).
The absorbance of the solution being irradiated was checked periodically
in a Beckman model DX-1 spectrophotometer. The irradiation was dis-
continued when the absorbance at 560 mir appeared to level off (photo-
stationary state}. The concentration of the colored form present at the

photestationary state wae calculated from the absorbance at 560 mp and



5 e

o anﬁ not. .

the kuwown value for eggy The percent iranzformed was obtained frova
the ratio of colored form present at the photostationary state to the total
gpiropyran present before irradiation, The avervaye conversion was
94. 7% under the Gates larap and 92, 9% when using the Blak Ray. The
results of the work are tabulated in Table 14, -

It must be kept in mmd that the data in 'I‘abl»e l4are not quanhw.tive,
since some variations in irradiation conditions among the various sarnples
is probable, Also, the phqtostatmxmry. absor b_ance' valies ave 511b3ect tQ ‘

error due to the readoutl'pro'cedure used, However, the data convincingly

demionstrate a hxgh percem of- photoconverszon in all cases and ﬂuggest

that very « ioae to total convermon might be posmble w:th a lamp of hlghm:
mtensity than those used here, It ahould be runnvnbeved alno that at
room tomperamre even if the. reverse photochemical ra‘dc‘t*b‘n (.vm--—-m"«—*-# U;,"“

A is neghg:\ble *he thermal reactmn.s C”——"-}-SL U; a.nd ' C-—--w-’a---* U, ,'73"

TR

%me obaervauons on the hydrochlonde ﬁalts .,.E 6‘ »nitro BIPS ~_: s

‘vadence gatherad to date has shown that the salt c&n ex:.at in both an open

and 3 closed form. At room tempe:ature, m both the soud and in solution,

“the open modmcatmn appears to be the more atable cnmpound POGBlbIE

’strucmreﬂ of these- aalts are dlagrammed below.. ey

(I = closed form) {II = apen form)

The reaction of hydrogen chloride with 6'-nitro BIPS was carried
ont at several temperatures in both toluene and ethanol, Two distinct
products were oblained, depending apon the temperaturs at which the

recction ook piace.
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The preparationy were ;Iccomplished by hubbling hydrogen chloride
throngh solutions of the spirapyran at - 78° , room teraperatnre, and at
the boiling points of ethanol and toluene, In each case the reaction product
pracipitated from solution as a yellow solid, Each re:act-ion wag carried
out in solutions pr-cpafed from colorlegs or felosed! spiropyran a8
ata.rtmg material, ' :
The ﬁrst indication that the producta were two d:fferent salte
" came from the speed of reaction itself, The reac tion at - 78° plOCdeﬁd
extremely fast in the nearly complete absence of rolored ox ‘open' form
of the spiran, This suggested that the colorless’ or ”closed“ form rather
than the open form wae reacting with hydrogern chlorxde in salt formation. -
On the other band, the reaction in boiling solvent presumably took plam
betwnen the open form, present in abundance, and the acid, The solid
- hydrochlorldp salta were removed from the reacticn solution by ﬁltranon,
_ ashed with’ pentane and dried, Elememal ana,lyaes ware performed .
w1thout further pnmﬁcatmn, . The opex\ salt melted at 266-‘269 The .
closed salt apparently isomerized to the Qpen ‘6alt at 130° and melted at
264-265°, ' "The samples gave a mlxed melting point of 264-265°,
Anal Ca‘c‘d for Gy9H;yN;04Cle C, 63.6y H, 5,3
found (closed salt): ' G, 6‘1.6: H, 5 4
- found (open salt): C, 64,05 H, 5.4
A emall quantity of the salt prepared in bqiling solvent was dis-
solved in toluene at roomn temperature, Weak organié bade wae 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 tempera-

ture ones,

=

Titration of ethanclic solutios reac

standardized sodium hydroxide revealed that both were monohydrochlorvide

salts, ‘
Infrared spectra of the two salis were recorded on a Pevkin-Elmer

model 137 spectrophotometer, in KBr pellets. The specied showed



distinct differences, (Figuve 33}, These speciva differed from the
infraxed epoctra of the colorlezs angd coloved forma of &' -nitvn BIERS,
( Figure 34},

The following experimentation strengthens the argument for the

" ewistence of two types of salts,

{1) A portion of the solid léw temperature reaction product wae

decomposed in aqueous ammonium hydroxide, The product was washed

‘geveral thmes with water giving a gray sqlid,- e Po 177-178°. {The
melting point of the colorless 6'-nitro BIPS is 177- 1780) The infrared
_spectrum of this materml was ideutzcal thh the infrared spectrum of

co)orlcns 6! ~nitro BIPS,
Anal. Caled, for CpyHyaMiOit €, 70.8  H, 5.6
S Found' S Gy 2 H, 50T

(2) A partion of the high temperatute reactmn product ‘wae de— :
compoaed in aqueous ammonium hydvomde ywldmg a nearly black solid
product which was washed several times with watexr, This px:oduct melted

a1 177-178°, The infrared apnctrum of thie black materm} was zd»ntmal
" with the irnfrared epscirum of the pure colorad 6' -nito BIPS prevmuely

prepared by precipitation from non~ p ar soivent, .

Anal, Galed, for CoHysN;O31 ©, 70.8; H, 5.6
'Found: C, 7W.4; H, 6,6
{3) A portion of the sall prepared at low tempefatute'%ﬁ dis-
solved completely in ethanol then refluxed for ten minutes, A precipitate’
iormed on refluxing and after fifteen minutes the c_ontenf of the flask
had solidified. The infrared.spectrum of this product wae no longer
that of the closed salt but was identical to the infrared spectrum of the
“"open" form salt, The aolubility of the closed salt is apparently greater
than that of the open salt in ethanol, This rearrangement of the closed
salt to the open sali also occurs in the golid, The original closed salt
hag completely isomerized to the open salt after standing for six months

at room tempearature,

.09.
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Figure 34

Infrared Spectra of 6'-Nitro BIFS in XBr
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4.3, Shape of the visible transmittance spectrum fo mole-

cular sirucinre. - The various indolinobenzospiropyran compounds
show digtinct differences in the shape of the virible transmitfance spectrum,
Examination of the visible Gpectra of all the comprnnds tocted under the standard
conditions reveals that ip moest cases a deflinite curve shape accompanies

certain subsztituent combinations on the I;eh-z:opyran half regardleas of the
gubgtitution on the indoline portion of the moleculer. Four general types of .

curve shape have been identified and are deseribed in the following paragraphs. .

Tﬂ)e I. The curve showg two maxima of ditferent mtensity. They

> wamergpion

‘are sometimes resolved, wlnle at other times the mammum of lesser mtenmty

appears as a! ;shoulder to the ahorter wavelength side of the larger maximum,

'Fxgure-Bﬁ,.C‘clumn 1 shows representative spectra of this type. This curve shape
" was usually found among compounds of the following type: '

O

where x + halogen

Type II. The 'spectrum shows two resolved méﬁdma -bf low intensity,
usually separated by 30-40 milhmxcrcns. (bce Figure 39,,(.-Olumn Z ) Com-
paunda (Jf the genaral strucmre beluw show thxs curve, '

Type JII, Spectra of this type are very broad, roundad curves
which sometimes shuw the presence of two maxima. (See Figure 35,Column 3},

Curves exhibiting this broad spectrurt are produced by compodnde having the '

structure given below.
Og" ﬁ}—NOr.

Fype IV. The curve is less broad than Type 1II but usually shows
the preseace of three maxima and is asrociated with compounds of the following

’ oy

structure, (Figure 35, Coluran 4),

O { oo

r
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4.4, ba i~guantifative survey of the photui_hrumu properiies

of the -indo}.inobenzoalgiropyraus, ~ This pro_mct was uvndertaken to obtain

an overall piciurve of the pxi-opc:i*ti:zs of the variously ﬂubetitnted indolinn-
: benzcmpxropyrana (ﬂpcc1ﬁ(‘dl3y. thiose prop@rtles that will c\etermme the
performancc of an ejre - protecfwe lcna element) The infm. mation re-
-quwed waa obtamed by makmg use af a mod:zﬁed rapid scaum.ng ch«.&z o;-
photometer (Mode1 A l. Amencan Optical C,o. ) The moddxcahan -
conmsted oi placing an’ electz oni¢ fla sh lamp in the aample compartment
L ) ' s ' as shuwrr,inv Figure »36 The samplo cell waﬁ COnatructed of two glasa '
R R plates qcparated by a T'(-‘Elon spac er 0. 050 mvh t}uc}c. ‘T-'hewglass platan‘f’.': ’
i‘are held firmly betwean twa hteel iramea ds illustrated m I‘lgure 3? |

s , I S .. The operatmn of the instrument consists of placing thc sample, .

’cell on the movable platto 'm. outsxde the lxght path of the spectrophoto»: L

o " meter and dlrectly in from of the flash lamp. Afte—n 1rradiation

(iiltered by Commg £11ter No. 9863) the cell in- the carmage is quick.iy .

' o moved along the meta.l track into the spectrophotometer hght path

At thts point the spef,trum is dmplayed on. the osullnacope and 1mmedi

)

' dtely photogmphprl The flash omput ig controlled e.leufromcauy B0
; : - ' "'that each sample ret.ewe,s equivalent expouure.

The sample solutions were preparnd in lolu@ne at a concentri-
tion of 5,0 % 10™* mote per liter,

This method epabled a rapid evaluation of a large number of com
pounds with the bagic structure 1. One important advantage of the method
was that {t permitied the recording of the entire visible spectrum at one
time within one second after the sample wae irradiated. Many compounds

having nhort half-lives of the colored spzcicr wetre studied in this way for
g i Y
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Cthe fivst time, C'smv«“nt;’mm] recording specivophotometry conld not
:)fmr this feature since the time delay betwean irradiation of the sample

and recording ity spectrum is .(.oo great for fast~ f;ldlni, compounds.

. The photographed transmzttance spectrum, 400 to 700 mo; o£
cach sample allows scveral d1f€cra,nt types of vmmblcs to be obmmed,
'Alt}xough the absolute d.ccm-auy of these var.\ables is probably not as good '
.as that obtamed on mote conventmnal spet_trophommetem w:th st:ahle

aamples, ‘the advantage of scanmng and racordmg the whole visible,

'spedrum in one-sixtiath of a. second by far- outweighs thie drawback. |
'I‘he followmg var;ables may be- obtamed from these. determmatmns:
1) ‘wavelength of maxirmum abaorbance, Amax:, 2).-‘The change in
transmittance at Xmax upon expowrn to a2 standard amount of ex*‘it&tion 7
energy {electronic flash), AT. 'This may’ also be converted to-absorbance
or optical density changes, AA or AO.D., 3) The integrated absorption,
1-T, of the cdlbred sample, Ti;is measgurement gives an indmatmn of
the breadth of the absorption and relates to its neutral denéity gquix}alem.
' The stability of the colored form as determined by the half-live
data gives an indication as to whether the particizlar material being
studied may be considered 28 a component for a self deactivating lens
element,

Some 212 asamples of the indolinobenzegpiropyran family have
been tested acCording to the foregoing procedures, In nrder te monitor
the instrument response and light source output & standard sample was
chonen, Periodic detexyminations on this sample showed the reproduci-
bility of the measurements to be hetter than #2% tranemission.

Table 15 lisis 140 of the samples examined on the modified
Kapid Scanning Specirophotometer, The Fischer's Base and salicylade-
hyde componeni2 which combine 16 form the indolinobenzorpiropyrans

are MUsted vexiically and horizonislly respectively, Data that concern
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ERE B 5tabi11ty of fhe colored for'ﬂ. L

a particular compound is given at the intersection of the cornponents
forming that compound. In this wav. the effect of the varicun substituents
on the Fischer's Base or galicylaldehyde can be obhserved 'by,nming'the'
values of the diffevent properties in their respective filea or columns,
‘The basis for putting 2 cornpound in this table was that it bo of a grou;ﬁ_ _
of six or more x.ompmmdu prepared from a cummon sahcy]aldt_hyde.
Of the remammg sample‘s that were tected and not listed only a few

were photochromic under the afated conditiong, Those found to be
: photochrumxc are lmred saparate]y in Table 16,

All chher & PDases presantly synthesxzed are listed, Only.
salicylaldehydes contaimng a nitro substmmnt are listed, (two excep-
tions), It hags been found tha,t a non mtrouubstituted salicylaldehyde
,c‘ombinauon with ¥ischer's Base will not produce a compound showing
_,_photachrommm under the sbanda,rd test. procedure (thh twWo. exceptions)

- Alsa contamed in’ Tablas 15 and 16 is the datd. relating to the

From theae tables ‘then can be obtained the photochem:cal and
t.hs‘rrnal data for. -many compounds. In tlns wa.y the over«all performance
“of & material may be: Judged relative to other maierials under the same
"ronditmns. '

A general statement may. be made that in the family of indolino-
benzospiropyrans there is a relatively small shift of Amax due to the
addition of substituents to the basic structure, Almost all samples
testé_d'in'toluer'xe fall within the range of 570 to 670 mi ., The upper“
end of"thiar ré,hge is somewhat hard to determine for _tivo TeABONA!

1) The compounds _whosé absorption is in this region are considerably
less senai.'tiva than those of other regions, ~The small amount of
abgorption obtained makes it difficult to determine the point of maximumn
absorption, 2} The instrument becomes somewhat unreliable in this
long wavelength region.

Molecules with 6'--‘»methoxy»6'nitro and 5-nitro pubstituents tend
to peak neav the upper end of the range while those at-the lower end are

of & miscellaneous variety,

~107-



TABLE 15

(FPart A-1)

Standard Test Data for Indolinohenzogpirupyrans

Fischer's Bases

Benzopyran Substituents

Unsubstituted
1-Amyl
1-Amyl-5-Nitro
1-Phenyl
2~-Ethylidene
2-Propylidene
3-Ethyl

3, 3~-Diethyl
3-Ethyi-3-FPhenyl
3-Ethyl-5-Chloro
3 --Erthyl- 7-Phenyl
3..Heptyl-3-Phenyl
3 --VPentyl ~-3-Phenyl
%, 3-Diphenyl
3-Phenyl

3-FPhenyl-3-n-
fPropyid

3-Phenyl-7-Phenyl
3-n-Fropyl
3, 3-Di-n-Propyl

3-Phenyl-3-Propyl-
H5-Nitro

5' 7-Dichloro-6'-

5'-Bromo-6'-

ty, in minutes, 4AA in Absorbance Units, _Ylv’I‘ in Absorption Units,
hinax in rog, N, P, - not photochromic :

~-108 -

6'-~Nitro Nitro Methoxy-8'-Nitro

ty AA fI-T amax| t 84 {I-T xmax| ty aA J-T n

16 .32 .22 595 | 5.7 .08 .07 585 | . .05 .05 6
.30 .36 .25 605 | - - - - - - -
.03 .29 .25 615 | .15 ,07 .05 610 | - - -
- .02 .02 - - e e . - e .

.25 .37 .27 600 [~ - - "o . 1 05 .05 6
(27 .37 .25 600 | - o = e o o= e e e

- - - - - - - - - .06 .07 b€
19 .32 .27 600 - - . . - - -

.41 .44 .31 605 | - - - - .06 .06 67
.53 .45 .29 605 | 4.5 .14 .11 590 [ - -~ -
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3-Ethyl

7‘:'» L‘(’t & ROQGH Y
) TONitro-8T-

Ungubstituted

i~ Amyl
i-Amyl-5-Nitro
I-FPhenyl
Z-Ef}xylidene

2-Propylidene

3. 3- Dietﬁyl
3-Ethyl-3-Pheayl
3 -Et}'-:yl—s ~Chloro
3-Ethyl=7-Phenyl
3-Heptyl<3-Phenyl
3-Pentyl-3-Phenyl
3, 3-Diphenyl
3-Phenyl

3-Phenyl-3-n-
Propyl

3-Phenyl-7-
Phenyl

3-N-Propyl
3, 3-Di-h-Propyl

3-Phenyl-3-n-
Propyl-5-Nitro

ty in minutes, AA in Absorbance Units,

Me thoxy

.37 .36 .33

V.F.55 47

.01 ,34 ,33

- .01 .03
- .04 .06
- .10 .09
- 64 42 .37
.68 .51 .43
64 .4 .36
.58 .48 .40

.47 .42 37

V.F..37 .40

TABLE 15

(Fart &A-2)

.ﬂc.udm d Test Data 1or lmmlmobnmrocspu ('Wp], rans

_,_&t,_M Y]—T )\max

600

630

615

600
600

605

600

605

630

“Bena opyfau “Substitwants

8‘ .DiNitro

& -Me\l.hoxy 8-
Nitrd

- e Lot -

- o - -

.19 .047 .08 590
.09 .24" 177 598

.08 ,14% 13 595

o ‘-. - -
- - - -
- - -

- “ - -
- - - -
- - - -

.48 .42 .30 605

- - - -
- - - -
- - -

th AA JI-T Amax
- .04 .04 660
- .04 .06 -

- .04 .05 640
- .04 .05 680

ve - - -
- - = -
- - - -
- ~ - -

- .04 .05 660

S04 05 670

V'-T in Abeorption Units, hmax in my,

N.P. - Not Photochromic, V.F. very fast, * saturated solniion.
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Standacd T

est Dota for Indelincobunzospiropyrans

e e Dengopytan Substituents
' g: —;3{1’0*‘1‘;0 b L Nitro- 5, 6! »Dinitz’(\)«-&’ - BaNitro-&' w.!'v‘i(é‘ihi)
= Methoxy Methoxy

ty AA T max| e AA JI-T amax| b a8 §-T N

[EPR—

i e emm—— st m— <SRN, A S —— b v s

Unsubstituted 68 .34 .31 575 | 140 .27 .27 605 | - .10 .09

1 -.Amyl .98 .34 .27 55,:r - . e e e o

! -Phenyl C.F. 12 40 6100 | 070 (247 .24 7630 | - - oo
z-Ethylidene | .82 .21 .21 580 .|10.1 26" 1% 60 | - 09 L8
2-Propylidene - - - - e e N
3-Ethyl |84 .30 .26 580 - - e O . ~ .w;; 09'
3, 3-Diethyl B .26 iz ses - o e e f oo
3-Ethyl-3-Phenyl .66 .30 367 885 | « oo oioof Lo o]
3.-’Eth,é1i55-(:h1§ro 23 .27 .36 585 |2 - - . .
3-Ethyl-7-Phenyl |66 .32 .27 585 | - .- - | - R
3-Heptyl-3-Phenyl|. - - - - - .. o B P
3-Pentyl-3-Phenyl| - - - - - . ;v. MR

3, 3-Diphenyl .24 .35 .31 595 | - - - - -

3. Phenyl 66 .31 .27 585 | -~ - - ...

»-Phenyl-3-n- . ' )
Mropyl .74 .30 .27 585 - - - - - - ~

2. Phenyl-7-Bhenyl| - - - . - - - - e .
3-n-Propyl .62 .35 .28 580 . - - - - -
3, 3-Di-n-Propyl | .70 .32 - 595 - . - - - - -

3-Phenyl-3-n-
Propyl-5-Niiro - - - - - - - - - ~ -

ty. ia Minutes, AA in Absorbance Units, Sl - in Absorpiion Unite, hmaw in ra
T3 - Not Photochromic, V. B, » Very fasi, ¥ aaturated solution.

~3 10~



Pischer's Ra

r £
©

™ . "
- 31 nminoxy

A
4, 7-Direthyl
5-,&.minko

;5~Chloro ’

5-( - Hydrosyethyl), .

g S~Methoxy

" 5,'7-Dim‘ethoxyl
S5-Methyl
5, f?;Dimethyl
5-Mitro
5-Phenyl’
5, 7-Diphenyl
6, 7-Benzo
6-Chloro-7-Methyl
6-Methyl
7-Chloro
7-Methoxy
7-Methyl

7-Nitro

7-Phenyl

twe in Minuten, AA in Abgorbance Units, Sl_.~‘j." in Absorption Uniis,
- Not Photochroric |

N.P.

TABLE 15

P e

{(Pare B-1)
Standard Test Data for Indolinobenzospiropyrans

&' -Nitro

Banzopyran Suastituents

', T-Dichloro-6"~Nitro

A« Bromo-6'-
Methoxy-8' - N

V. ¥,

- Vervy fast.

-1k~

by 28 T mext v an Sy amax | v an o1
.09 .41 28 605 | 5.4 .07 - 595 .-
55 .23 .17 & | . - A
.. - o .ic .08 ‘s8s .
.20 3% .27 605 |11 .08 .07 590 . |-- .07 .06
10 .28 .20 600 | - - - o Lo
19 10 .08 600 |20 .05 .05 595 - e e
A1 28 .21 605 | 16.7 .05 03 585 | - - -
- - - - 10.8 .08 .05 585 - e
v.F. 45 .37 610 | - - - - - .
14 .33 .24 615 - - . . - .03 .03
3,09 .09 610 | - . . - S
. .02 .02 - - L. ..
J13 .33 .23 600 - - - - - - -
i3 .36 27T blo - - - - - - -
. 09 26 L2000 600 - - - - - -
. 06 29 20 595 - - - - - -
L2 0350 L 24 6Q6 .7 .06 .04 580 - .03 .63

rpas in



TABLE 15

{Part B-2)
Standavd Tanst Data for Indolinohenzospiropyiasas

Fischer's Basges

sy

Beanmopyran Subatitnants

6'-Nitro-8- 6. 8. DiNizro 6' - Meothoxy-8'- o .
Methoxy ' _ © Nitre . S
ty AA $iex Amax{ ty  AA 0T amex Ly AA ;ﬁa'ﬁ" Mmax
4, 6-Di p henyl 849 e TR | LTI T LT T I T
4, 7-Dimethoxy 05 .10 .18 - 630 | L4 .32 .26 580 | - .ot .02 &7 !
5 Amine - N._ﬁ; . P A e el i ,,
5-Chloro 119 es 390 605 |19 30 24 __495_} e
54 ~H§f&:-oxﬁmy1) s .28 620 ) . . oo - .
mMetﬁoxy 7.16 ;08_' .09 '6’20;‘ - - w - . "
5,7-Dimethoxy |- - - - | . . L. o
8-Methyl .22 .25 .24 620 | - - - - . - -
5.7~Dimet-hy1- - ‘-«‘ o -.-.: , - - - - « e : _ i
5-Nitro  V.F..52 .44 620 |V.F..25 .24 605 | - .01 .03 -
5-Phenyl .30 .32 .31 620 | .08.20 .17 610 | - .03 .03 670
5, 7-Diph enyl - - . O
&, 7~-Benzo - NP - - " - . - - - - -
6-Chloro-7~ methyl | - - - - - - - - - - - -
6-Methyl 29 .24 .24 610 | - - - . . .02 .03 670
7-Chloro < - . - - - - . . . . R
7»Methﬁxyr 19 .25 .24 610 - - - - - L0 .0 -
7-Methyl A3 .26 .27 610 | .o8.n" .n* eo | - .00 .02 670
T-Nitro - .04 .05 - - - - - - -
7-Pheayl 24 .33 .32 620 | - - . . - .0z .02 670
4, 7-Dismethyl . . - - .- . - e .

fy b Minntes, AA in Abnorbance Units,

§1-~T In Absorption Unite,

BoPL - Noei Photochromic, V. . - Very Fant, ¥ Ssturated zolution.

~311Z-
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TABLE 15

{Part B-3)

Standard Test Data for indolinobenzospiropyrans

Benzopyran Substituents

Fischer's Bases

g -Eopms 6 - Nitre- 5% ‘;{;’f}‘;ﬂ;‘””&"’ 5'~Nitro-8' - Methoxy §
| g oA o7 hmax| n A ST dmax| oy s §-T amax
4, 6-Diphenyl .60 .39 .31 585 - - - - .- - -
4;7~Dimetlaoxy - L 03 3" ngp | - - . - a03 L0
4, 7-Dimethyl L6 .24 .20 585 | - - . - :
5~Ar_nixiq - - - - - - - R -
5-Chloro .2z .3z .20 ses |29 27" a8 ezo |- im 08
.’;-(’gr-uliydroxyethyl) - T AP o .",“ . - Py

b-Methoxy 2.8 .16 a5 60 | - - - - . L.
8, 7-Dimethoxy - - - - .- - .. T W TR .
“5-Methyl N L2 .27 .23 580 - - . - | e
5, ?-n;'methyl "z.sg .24 .21 580 | - - e e ;'::r
5-Nitro | - .. . .59 48, 00 | - Loz Lol
5-Phenyl 48 .31 .27 590 | - - . - - .04 .06
5, 7-Diphenyl C e e - e e . .-
6, 7- Benzo - - - - - - - - - -
6-Chloro-7-methyl| .16 .33 ,27 590 | - - . - - - -
6-Methyl .82 .34 .27 580 | - - - - - .06 .06
7-Chloro - - - - - - - - - - -
7-Methoxy L0 .21 .20 585 | - - - . - .04 .05

7-Methyl .4 .25 - 580 - - - - - .03 .05

7-Nitro - - - - - - - - -

7-Phenyl 35 .3 .26 580 | 6.0 .26 .22 610 | - .06 .07

s

L in Minuizs, AA in Abksorbance Units, 51—‘1‘ in Absorption Units, Amax iasap,
M. ¥. - Not Photochromic ,

it

Saturated soluition,
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More Standard Tegt Data oo Indolinebenzospiropyrans

TABLE 16

¥ Data on satuwratzd solution

I Yy (R
A {Absorbance {Absorption Amax
Gompound (BIPS) | ti (min) Uniis) Unita) EEO0)
&' -Nitro-8'-Flnoro .24 ST LR 570
6'-Nitro-8'-Todo ~ | - .36 ENCE .16 * 600
" 6 -Nitro-8'- Allyl 37 24 22 605
5-Chlore-6'-Nitro- | , o
8'-Chloro ' .16 o200k Jde® 605
. o . . o N ¢ B {;:_. A : o
5-Chloro-6'-Nitro- S SR AR : o
‘8'-Bromo R S R R = 208 - 608
5-Chloro-6'-Nitro= S A‘ - o o
8 -lodo . . 17 .28 L2 615 -
5-Chloro-6' -Nitro- : o - o
- B! -Allyl .33 38 .30 605
6' - Nitro-7'~Bromo L7 .21 .15 590
3 ~Methy1~6’ -Nitro :
7'-Chloro .15 .16 .13 585
5'~Chlore-6'-Nitro 2.6 . 24 .15 590
7' -Nitro .09 .15 .14 650
5, 7' - Isimethoxy-6',
&' - Iniire 2.7 12 * 07 = 560
5-Nitro-8'-Methoxy V. Fast 1 .19 565
7-Methoxy- 7' ~Chlora LAY it .12 500



The change in transmittance of the sample upon exposure to the
constant energy flash source, as obtained from the pholographed
spectrum at Amax, has been converted to a change in absorbance and
thus presented in Table 15 as AA, These valuea ave intended, along with
the integrated absorption values to be the basis on which the relative
gensitivities of the varmus compounda are eatablished,

The time elapsed between exposure and readout is not dehmtely
known but is somewhat less than one second.. With this type readout,
the time factor will have little effect on the 4 A valués except for those.
compounds whose thermal color disappearance is extremely fast, It
is felt théréfore that the values listed indlcate, in almost all cages,
the maximum color obtained under the speuhc conditions, As waé _
mentxoned it must be kept in mind that a change in conditions, especially-
a change in the quality of exposing radiation, might produce different.
results, . ‘- v : ' :
" The compounda i'alhng at the top of the list as far as AA is. c:on~ :
Cerned are of various structure, Molecules having 6' ~mtrn,'6' mh'o»
8' -methoxy, and 5', 6' ~dinitro-8' -methoxy substituents {originally -
substituents on their respective salicylaldehydes) all show reasonable
sensitivity. By additi_on of the appropriate substituent(s) to the Fischez's
Base hzlf of the above molecules a quite significant gaih in sensitivity
" can be achieved, It should also be mentioned that a number of substi-
tuents on the Fischer'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 —niiro. and 6'-nitro-8' ~methoxy BIPS by a
factor approaching two, Because of the inherent insolubility of the 5',
6'-dinitro-8'-methoxy BIPS, relatively {ew of this series have been
gynthesized, On preparing the 5-nitro derivative it was found to be the
most sensitive compound available. This opens ancther aras for more
work, No mention bas been made of the 5 ~bhromo-6'-nitro-8'-rancthoxy
BIPS because of the fact that no significant increase in sensitivity has
heen ohgerved by addition of substituenis to the Fischer's Bags half of

the molecule. The 6'-methoxy-8' -nitro and 5! -brormae-6' -rnethoxy-8' -
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cronndoonohe e ooy s were repassdoas 1 studied i the

Pope ool finduingg o songsitbrve rod absorber Thesge comounds

show very poor €0 e

! further substit.tion has produced

Vittte 1 any hmpre 1 osensitivity,
‘s

Integrato .. Ao () 1-T) is the integrated percent absorp-

ange from 460 to 700 mi, This is rolated to

fron aover tThe v
they peutral deo’ sivalent of the colored sample and when used
Pnoconjuneting "‘11 the AA value givqs an iadication of the btreadth
Wothe absorptin. -.;LB(L The &4 A and | 1-T values are therefcre the

(%3
quantities whiv b )éfcms ribe the sensitivity of the sample relative to some
ciben sane 0. Ter ihe same conditions,

e e v eated absorption is obtaine d by dividing the arex between

e

R 9T mrve {or the colorless ‘>rm and the curve for the
colroate by the 1stal arca under the tvansmittance curve for color-
boo o LTl area ynrasurements were taken directly from the

privet -:,jbi'u:d spectyrum of each sample by use of a Kueffel and Ecser

S 4236 compensating polar planimeter. The limited range of 460
. T90 mmp was necessary because of the inability to adjust the 100%.
‘/‘wlim: of the rapid scanning spectrophotometer to the proper position
helow 460-460 mp. Since the regisn +f “oncern in these deterrainaiions
wan near 600 mi, this malfunction hiad no efiect on the values obtaiizd,
The series of compounds witrin the family of indolinobenzo-
spiropyrans that show the largest rztio of \ 1-T/AA contain the 6'-nitro-
8'-methoxy substituents on the bem;opYran half of the molecule, Sub-
stituents on the Fischer's Base component seem to have little effect on
this value :
The half-lives (t,/z) of the zolored forms of all samples that
showed reasonable sensitivity wrre determined at room temperature
{22-237C) on a Beckman DU 7 ctrophotometer with the energy record-
1., attachment.  The calculatioa of half-lives was made from two (2)
points, wused rn the assumptioa that the thermal fade followed first-

urder kme tiecs,

Compounds vorlly 1 -phe ny1 and 5-nitro substituents showed very

short and in’ many ‘cases umneasurable half hveu. Substituents on b:th

-1‘16-7 Best Available Copy



the Fischer'# Base and benzopyran halves have an effect on t‘/z . Many

of these compounds whose sensitivity was so low as not to warrant the

half-life determination were observed by the eye to be quite fast,

4.5, Study of the benzo-B-naphthoapiropyrans, - Many com- .

pounda havmg the basic structure IT and III 7eaci with‘u'ltraviole't\ Iight
to produce a colored form ‘exhibiting a very Broad visible absorption

ppectrum. (I‘;gure 38):

05 5@

Dxbenzospxropyran S ' Benzo 8- naphthospuopyran -

The efﬁcienf‘y of color- formatmn appeare substantially less’ among mem-"

bera of these groups than among mdolinobenzospxropyrans. The fa.ct

. that neutral or near- heutral dens1ty 1a produoed when compounds analo- )
Ny gous to. 11 and ur. are exposed to ultraviolet radiatmn is sufﬂcxent reaaon ’

. ‘to explore these compounds to determine if any increase in efflc.xency

can be obtamed Certamly, use of a single material to obtain complete

. protection from visible. rachatmn is more desirable than employment of .
several compounds in conJunctxon with permanent fxltcra for this satne
‘protection. . Very little experimental work on compounds of type 1 and I

has been done in the past, ;

In order to obtain some underatandmg of the properues of
matemala of this type, a gingle Lompound {IV) was selected and examined
for photochromic properties in a series of solventa, The structure for..

this compound is given below,

{3-phenyl-8'-methoxy- 7' -nitrobenzo -8 -naphthospiropyran)
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Figure 38 38

thoapxropyran in p- dmxane at 25" '
1.0 cmcell - '5.0x0° 3M

s (1) Before Exposure to: UV
- (2)  After Exposure to uv-. _
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, "hae been placed in several fxlm iormmg materials and waa iound to be
' 'photochromm. Ethyl cellulose. N50 viscosity grade andN 300 e
_viscosity grade were dissolved in p-dioxane at several concentratxons. B

i"‘s 1. Testing procedure - A gmall amount of the sample

compound was placed in 2 Pyrex test tube and digsolved in the solvent
to be tested, The sample solution was irradiated under a mercury vapof'

arc lamp, . Each sample solution was examined for the following fealures: .

. (‘olor of the solution before irradiation; qx.a_htatwe relatxve density of *

‘the coloratlon' and quahtauve rate of color fade after the irradxaticn.

 The purpose of- this qualitative study was- to dmclos-, if possible, o

‘the solvent or class of solvents which moat favored photochrommm in .
 the selected compound Marked variation in the photochromu. propettiea;/ :

B iwaa obserVed ae the eolvent was changed. A sample Bolution, pre--

pared with’ p- :dioxane as solvent,- produced the greateat amount of color. L

In general solvents containing ether hnkages favored the phototranSa

' ;formanon more than othef typas. Table 17 prdwdes a list of the sol—. -
"vents tested to _date, “ i

4,5,2, Work done in 1'1 lm forming materiala. - Compound IV

An equal quanmy of’ CompOund IV was added to each solutzon. When - ;

" the solutions wére exposed to.ultr aviolet’ radmuon, they changed from o

hght ye-llow to red-gray, Solutions conta.mmg the highest percent of

7'ce11ulose lost the color faster than’ those of lesa concentratmn prepared

from the same viscosxty grade and color fade was faster in the lov.'er

'wscomty grade than in the higher grade. (See Tdable 18) .

“Compound IV wag found to be photochromlc in polymeric aolutzons

of polyvinyl chloride, Styron 689. and: polyvmylpyrrohdone.v hrude B

laminates prepared from (‘ompound 1V in the following polyrneric solu~
tions in p-dioxane were photochromic when cxpose.d to the flash c£ a
Braun ' Hobby" unit! polyvinyl chioride {Geon Resin, B.F. Goodrich,
400 x 742); ethyl hydroxyethyl cellulose (EHEC High, Hercules); and
Styron 689 (Dow). The laminate containing the ethyl hydrbxyethyl callu-
lose seemed to give the largest amount of color of the several faminatéa

prépared,
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Exatsination of 3-phenyl-§-mathoxy-7'-

THABLE 17

nitrohenzo-f-napnthospiropyran in various solvents

S).Lxcone Flmd

‘0= dwhlox.'o{ enzene
Hd.locarbon oil 11 14
Methylcyclohexane

7 ’)onecene mdde

,hprmt A(,id

i.'l':':_Eaatman B 494

Fastman S 946

_,A H. 'I‘homan 6407j

'i‘j_'Beco Chem FMC Ly

-

Color Color Golor

Solvent Source before UV} after UV fade

Chloroform (Fisher, Fisher " yel . gray s
C 574) S R C |

Carbon :et‘iachiarmé_; Fisher ViLoyel | P
Nltrobenzene . '»'»_Ather N- 91 yel » .
Decalin. '”Eaa:man P 1905 B TR
Acétonitxijier B i "Sohm (crude) _ . yel
p-diosane ; 'M C.and B. 2347": yel
N, N Dlmethylformamidef M (.. and B 5974."'-""' YGI

e hexane N ! ’ MC and B 5093 g .
(,yclcshexanﬁ.i:-le ' "Eaétih#n:"?fzﬂ; = "lye_l': ’Né"‘C : -
Meaesityl oxiée‘ | Eastman r'sai‘ " yei N-C. -
2 '5—Dithofgr-‘p~dip;(ane B E‘a,stma.n_'3603' - blue N-C - -
Eﬁa;;)wih.a Solvent Fiéhe.f N-3 clear r-g S
in-buiyl e&n:—r Eastman 173 yel *-g 8
cthyl phthalate Fisher E-162 yel gray VF
Celtatlex CEF Celanese el N-C -
n-hexyl ether Carbide and Carb: " yel pur pr
Bthyi ether Fisher ©-133 yel g-black S
Aihyl Acetate - yel N-C -
L__:}:ﬂ.z'r;lxj/drr)I\Jrexn - Vyel gray 5
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TABLE 17, LEGEND

The symbols used in Table 17 (previous page) are explained

bhelow:

Colors ‘ Color Disappearance

Slow

.

Iif-g : red-gray ‘ 7 s

Fo= Fas't‘.‘f

o .
ﬁ '

G T
W

= ,pmfplte

VS = VerySlow

Z
"
Q.
1

. no colo'r‘ S i MF = Moderately Faat
change . = ., _ 7 :

it

Very Fast.
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:f b:nzbspxtopyran, pvau dissoived 1h an acrylbu‘l Ba?l-rﬁesityleﬂe mixture.

4,6. Thermal color disappearance in a photochromic filtex -

At the outsect of this contract aolutions of several available spiropvran
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 revernibihty of theee photochromic vompounds in polymeric
media in connection with their potential use in eye prote,c_t;on Bylt¢m8.
It has been shown that these coinpoﬁndé in’polymervic,mved_i,a. do collorr
deeply under ultraviolet radia.iio'h'a.na thermall‘y'&eco:lo:" in véry bnhort
times, a highly desirable property where eye protection is to be applied
to air crew per!onnel _ . . ST e :
- Oné such’ compound l-phenyl 5‘ -bromo &' -mtro -8 -memoxyindounb{_," § :

The solution was placed betweén glass platea a.nd heated from ten to o
twenty mmutes in an oven ‘then caoled to room tempera.ture. A quantita-
tive study was made of the thermal color Ioss in’ th;s f:lter by recording

‘the absorbance at the visible Amax versus. time at three temperatﬁrel.

These data were plotted as absorbance versus time and as- -log

.(Atu Ae) versue time in Figure 39, At 25° over seventy-five percent of -

the color had faded within three seconds and the filter had completely
changed from the colored (qldied); condition to the tranaparent condition
in approximately ten seconds. S ' o ‘
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Figure 39

Thermal Color Disappearasce
Filter 1973-23B _ ' .
Measuresd.at hmax

4

time {sec.) o
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First‘-order Rafe Plot )
Thermal Color Digappearance
Filter 1973-23B-

Ix 0‘0‘
AD 4
N OF ~ Hali-Life {sec.)
w?® o 10° 3.3
s 25¢ 1.3
o 40° 0.2
e
4 § [
3 12 ie =0

time {sec.)
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5, EYE PROTECTION PRORLEMS

5.1, Discussion on self-attenuating eye-protective filters - Many
people have had the opinion that the ultimate goal in eye protection against
nuclear explosions would be the development of a2 self-attenuating systern,
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 cu‘rreynt photochromic materials lack the necessary’
",_ sgnsitiyity_ to function satisfactorily as self-attenuating filters., There is, |
unqueét’ionabl';"r, -enough ultraviolet. energy released ffom 'a nuclear detona -

The el oy i

tion to activate the photochfomic dyes, but: not ina, aufﬁc:ently sho’rt

: penod of time- (perhapa, 50 to 100 m1crosecond“) to protect the ei': .

'adequately from the intense early 11ght emitted from the nuclear devzce. W o
Therefore, an auxiliary system has been proposed for the actwat.ion of -

- the photochromxc matenals to maure rapld closure of the fxlter to a good
protective density, _ g : . ' '

It is the opinion of NCR that current photochromic materials’ can- _
not function as self-attenuating filters to prowde_the necessary protection
against nuclear flashes, However, it may be possiblé to use photochrdmic

fmatenale in self-attenuating filters where the time of closure’ and density
reqmrement are not so stringent for the application,’
" In this section, a simplified analysis of a se1£~attenuatmg chemmal; '
. switch dev1ce 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 piohlem for a self-
attenuating filter, 7

There is some indication that for effective eye protection against
nuilear weapons a dynamic light-filter should reach its maximum optical
density in a time period no later than }.(J"‘t séconds after the initial de-
tonation, During this period of time there is a rapid increase in the
rate of emissgion of thermal radiation from the fireball, Let vs assume
that the maximum value is reached in approximately 1074 seconds, at

which time the surface temperature of the fireball ie about 14, 000°K.
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In general, the total rate of emission of radiation will te the
product of the intensity of thermal radiation and the surface area of the
fireball, or

, | :
Q = 4nr ' (76}

where Qs = the fotal rate of emission of thermal facliatio_n :
Cr = radius of fireball, arid_ '
I = th{e intensity of radiation at the fireball's 's_u'rfa‘ce. )
L + If the ansumption is made that during the first 100 micz‘oaeconds :
IR q 1f‘ac.1'\eadea linearly wﬂh txme‘-* then. 1t*ca? be _wnttq:h that ' '

in which E = the total energy ‘emitted-by the {ireball in, time t,” ‘The
valuee of Q gt T, and I are now those for thesé para;;x;;ters at time t. o
o ' The Stefan Boltzmann law for black- body radxatmn u\atea that .

- L =eTt ma)

wherein T = the absolute temper'ature of the surface of the r«eb«zli at
time t, and oy v
-1 T
o = 5.7x10_;,’watt_s
: me degree? -
By combining equations (77) and (78) the followmg expreamon ca.x ‘be T
written for E: ' ' o S T
E, = 2nr toT! S (19)
At a distance R from ground zero, a set of goggles W1th a normal
surface area S will receive §/4n R of the total fireball eﬂergy in time t.

If, at present, atmospheric absorption is neglected, then equation (79} can

be rewritten ase

I
E, = 1005 (80)
! 2R
in which F = the total incident energy impinging on the goggles in time t.

If the va}.uee of Ei’ T and 3 ave known, the total number of quanta, n, that
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strike the filter can, in theory, be calculated by integration of Planck's
cquation for the distribution of energies in a black-body radiator, How-
ever, for the sake of siroplicity, the value of n will be z‘.p}iroximated in
the following taanner. ‘

The total radiant energy incident on the filter will be looked upon"
as being made up of n photons each of which tarries energy, hu . In
this case, v, is some type of "average" irequency d.nd h is Planck‘

constant, Therefore, the total mc1dent energy 19

A “2hv,R?* R L

_iwﬂl\not be able to cauge a photochem1caI change in the 1 ight fxlter.

. (1)" Soine of these photons wxll not reach the leter due to atmo~ L

» spherlc absorptxon, - .
(2) 'Some of the photona wxll not be abaorbed by the phototropxc '

‘material, .
(3) Some of the photons will not be of the proper energy needecl to

cause photochemxcal change.

(4) Onlya fraction of the photons which are abeorbed by the active’

elements in the device will be effective in the switching, since
the quantum efficiency will probably be less than unity,
The number of molecules, m, that will be switched in time t, will
be only a fraction, q, of the theoretical number of impinging photons and

can be expressed as

2 & .
rtoT §
m = q n = 3——-—-——;—— (83)
Z2hv R :
a
The optical density or absorbance, A, is defined as
A = ecl, (84)
in which
¢ = molar extinction coefficient per unit path length,
¢ = molar concentration, and
i = path length or filter thickness,

'lhe iollowmg reaso-xs are cited to 1nd1<.ate why all of the n photons- RN
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An expression can now be written for the absorbance, A, as

J\ - “%Tl’::;-t' ’ (85)
e -
since ¢ = e . (86)

in which N represents Avogadro’s number, The following eguation is
obtained by combining eguations {83) and (85)
2,
A = Lq: tq_’}-‘z ; 37
ZNhv, R
l.et us now consider a specific case of an ohservar 10, 000 feet
away from ground zero of a 20 kiloton nuclear explosion. Under these
conditions, let us calculaie the optic‘al density, A, that a dynamic self-
attenuating filter will have after 10~ seconds, Tla fouuwmg numencal

values are needed for the solution of equation (87):

T ¥ 14, 000 K (Approximate surface temperaturo of: ﬁreball at
10" aecond) -
r = 50 feet (Radius of fireball at 10 ﬂecond) _
t = 10 (sm:._1 Watta
o = 3.7x10 cm.z degree* 2
¢ = sxi0t AL o sy0" SR (ﬁ:ﬁl;o;:i;n;;z n
R chromic.dyes)
N = 6,0 x 10" molecules/mole
hof 6.6 x107 Ywatt sec.?
R = 10,000 feet {Slant range) o
v, = 7 x 10} isec, "1 (Estimated from General Electric Radiation
Calculator)
q % 0,45 molecules/quantum (This value was obtained by assuming

that the average gurface temperature
of the {ireball timmg the {irst 100
mirroseconds ie approximately 9500°K.
Then abeut 59 porcent of the radiation
will be of the proper wavelengtiis to be
atffective in phatochernical switching.
It wae also assurned that 10 percent of

thig radiation is abrorbed by the atmos.

phere and that the quaniuin sfficiency of
the absorbed radintion iz unity, Thua,
g= 0,53 x0.9 21 20,45 which is &
very optiniatic sutimate, )
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;liter/mole cm, . would be necessary, .

Based upon these values and equation (87), an aptics) density, A, was
calculated to be 2.2 x 107% for this example, This value for the optical
density is smaller by a factor of over 100 than the minimal optical deneity
that is generally believed to be needed to afford adequate #ye protection,
The numerical values of the parameters that were used in
equation (87) were, when necessary, estimated in a mannei 80 as to

give a higher value of optical density than would actually be obiained.

“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 radfation, which is the radiation needed to color the

filter, will be absorbed by the'atmospher’q’. A nuclear ﬁreba.ll also,,

does not behave like a perfect black-body radiator. - Therefore, less

radiation even than that calculated w0uld actually be available to imt1ate :

the’ switching process. o

_ If an. optxcal dena:ty of 2, 2 were requxred within 100 mi«.roaeconda,' 2
~ then a material with-an“ifmnpossibly h:gh extinction coeiﬁcxent of 5 x ‘.10

If the observer were closer than 10 000 £eet from' ground zero
then a higher optical density could be expected slnce the radiation flux
would be greater, At 5,000 feet, for example, an opt;cal density in

_ the filter of approximately 0,1 could be expected within 100 microseconds,

At distances closer than 5, 000 feet, other ha,zardoda,.effg;cts from the
nuclear bomb will probably become more important than eye protaction,

Although the first thermal pulse generates radiation of very high
intensity, its duration is comparatively short, - Therefore, although the
intensity of radiation in the firet 100 microseconds is probably great
enough to cause {lashblindness and produce retinal burns, the radiant
energy in this period of time,comprises only a small fraction of the total
radiant energy of the nuclear explosion, It appears that the photon flux
from the first pulse is too samall to coler significantly the filter,

If g was greater than unity (resulting from a guantum efficiency
greater one), one photon could initiate a reaction that would color more
than one molecule, Aseurning this amplification to be large enough, aeli-
aciivation might be a feasible vresunlt, In this cape, howaver, the process
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would be irveversible and it remains doubtiul as to whethesr any simple
techniques could change the photochromic inaierial back to its original
uncoicred forva.

A photopolymerization system might, indead, provide the amplifi-

‘cation needed for self-activation but once the polymer wae formed,

would net be easy to change it 'bét‘ck'tb the origiral monomeric system.

A photopolymerization system’ rmght in all 11kelyhood have too lcmg an

induction period for rapid clmame of the filter,

5,2, Self-attenuating sunglasses, - In this section, -a siinpiifiedr

‘analysxs of a self- attenuatmg sunglaae system, uaing chemwal switch
prmmple. will be presented,. The general d.pproach to. thxe problem wzll E

be vanalagoua to that deacribed in the prevlous gection, . h‘kiecta of .

"fatigue't, simultaneoua heat cranure and other alhed problems w111 R

AR

not be canndered. .
If suslight of intensity, 1, is  incident on suuglasees of drea, S,

‘for time, t; then the total energy, Ej. impmging on the glasses can be-

expressed by the following equatidn: )
Ei:-'tIS., o : (88)
If this energy is imagined to be compoaed of n\qu.aﬁtarof:’a.'\re'ralg\*.‘.j
frequency, v, then '

E: = nhv,

1
L 89
o¥ t18 j 89)
. n R e aad H
hl’a

Again, only a fraction, q, of these photons will be effective in
producing chemical switching, Equation (89) can then be modified to

give the expression qtl§

mo=qn = Koy 90)

in which rn is the number of maolecnlers switched in time 1. DBy combining

equations {B85) and (90) the following cxpression is obtained?

o Eg U .
AR L)

v, A
or % = i:”‘};l:...._
g & 1
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Let us now take a apecific example and use equation (%1} to

TN

calevlate the time needed to bave the glasses reach an optical donaily

of 2.0 The nurnerical values used in the golution of aguation {91) are

lisied below?

h = 6.6 0 - erg sec, _ g a

N = 6,0 x10° niolecules/mole : o . '

A= 2,0 | :

: s = 5x10 e, Z/whole ' : '  . ;
I % 10 eérgo/cm. sec, (Estimated from the solar constant by

S assuming that approximately 30 percent i

, of punlight is absorbed By the atrmiosphere. ). 3

, 7 ‘ o S N lO”sec"T o o o o :
’ S o a2 8,5 x10 smolecules/quantum '
_ -~ Assuming the sun to have an effective black- body temperature of 5760 K, - ’
ER h ~ then ahout 17 pcrcent of the total energy will consxat of quanfa whwh can ; § :
, ‘be effectively used to color photochromic materials (i.e., wavelengths. ef ;{
; B , ' light lese. than 435 mzllmncrona) If the qudntum eff:cien«:y ie estimated i
f ' at 0,05, then q ¢ 0.17 x0.05 or 8,5 x 10 molecules/photon. By subt ;
_etituting these values into equation 16, it.is calculated that the time re- - CE

. quxred for the seif- attenuatmg sunglasses to obtain an optxcal deuslty of

2,0 is apprommately 20 seconds, ‘ '

5.3, Response time of photor.hromxc matenal - In the ;}reéenfly,‘

studied eye -protective system, a flashtube i tr 1ggere_d in a very short.
: tirne after the flash from a nuclear detonation is electronically detected, {
The uitraviolet light from the {lashtube colors a photochromic materiel
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 againsgt
; ‘ thermal radiation from nuclear bombs is a rapid closure time., At
' the present state of the ar{, the closure time of photochromic goggles is
in the range of 100 - 125 microseconds,
It may be considered that the closure tirne of photechromic
gogglena will be dependent upon the responsge time of the photochromic

material. However, it can be shown thal the respousc time of the

~1 -



phu'm"mmni( material is dependent upon that for the {ilaghmmbe, The
esponse or risg {ime of the energy from thc flashtube in the alow 'step
in th_-:‘ closure of the pholochromic goggles,
There appcars to be no real goad spectral data avajlabie for
“the ultraviolei output of 1lashtubes. Nevertheless, it seems likely that
data showing the efficiency of the apectral dideribution of ultraviolet
light m coloring pkotochromie :mﬂerii\_ié would be very helpful in more
- -thoroughly analyzing the light.—éouél'{ﬁg problem, Perhaps, a determina-
. tion of the Bpéctral efﬁcif‘ncy of ul‘traviolét iiglit,' ebpecially that which
c.c»rresponds 1o the wavelengths of the more praminent mercury lines,.
o in '.olormg the phowchx omic materials will be sufﬁcient. Daia ot this
. ,rmture have rw.cntly been obtamed and are preﬁented in.an earlmr Baction
of this rnport o T L '
Expenmemally determined res;wnse txmes, opucal denszty
versus time, ofa photochromic coating are shown in’ lugure 40, - "This
‘response curve was measured with a 3 .<inch, Xenon flashtube, supphed
'by Edgerton, Germeshausen and Grier, Inc., (Boston, Mass, ). The
ultraviclet light produced by thie flashtube was used to color the photo-
chromic material, - The {lashtube vwaa, ti{igge’red with 1800 volt‘a from a
100 microfarad, oil-filled capacitor employing 5-foot lead wires. . The
optical density produced in the photochromic material on a quartz wedge
does not necessarily represent maximum density of the material, The
rige time of the flashtube is presented in Figuie 41,
An empirical cquatioh which describes approximately the output
of a flashtube that is used to produce the ultraviolet energy for colaring

photochromic filters can be expressed as

1 RN
"7[:' = 'k ..t;) [533¢) [2’- (’L-'t/'f ) j : “92)
fAZ ) T

in which

I = intensity of flashtube cutput at time f,
LM = ntensity of flashtube cutput at time ¥, &nd
T o= rige time of flaehtube, . e,, the time ot which the maxirawin

intenaity is reached,
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A plot of equation (92), I/'IM versus t/r, is made in Figure 44, Using
55 microseconds for the value of v, equation (92) is compaved in
Figure 41 to the flashtube output curve, whicn was experimentaliy
determined,

It has been experimentally observed that under the condition
when most of the incident light is absorbed by the colorless species:,
then the rate of color formation may adequately be described as a first-
order reaction with respect to hoth concentration of the colorless forr
and intensity of the incident light, Such is the caae of many photochroimic
filma and solutions presently being used in eye-~protective devices, The

rate of color formation may be expressed as

92 = Kki(Ay,-A) : (93)

wherein _
A = optical density of colored photaochromic qp‘e'ci_olf,/
A., = expected optical density if all of the 'pll:otbcliro'mic
7 _material were converted to the colored formy ard
kK = an efficiency facter which includes the fr;c:idn of light
. of proper wavelengths to cause switching and that hits
the filter, the fraction of light absorbed by the photo-
chromi¢ material, and the quantum efficiency of the
photochiemical process.
By combining equations (93) and (92) and integrating the resulting

expression, one obtains

-t t.\2 L
—= L2 (z) *2(=)+1]
A= ay {rem[ ey (7T R TEE TN

Equation 94 can be rewritten genérally as
1

A = TTTRETT {l-exp[_‘kEM <1--e:-$i. (2 (%)z*z(t—‘-')#l]>]} (95)

A, l-e M

where
E. = the total energy output of the flashtubz, and

As = the exparimaatally observed optical denaity which the
filter reaches after the completion of the flaah,
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A wvoermalized plot of equation (95), A/Aax wversue ¢y, for sin
qifterent vajues of kE‘.M is made in Figure 43, The imiting curve iz

for a value of kE,  less than 0.1 and represents the slowest possible

M.
vesponse, [ ¥Figure 40 calculated vatues firom equation {95) ave com-
pared to the experimental data.  In making these calculations, the

following values of parameters were used:
4 B

7= ‘:5 microseconds, Am= 0,375, and kEM = 1,9661

It ahould be pointed out thai the mathematical expresnons are
based upon several assurnptions and limited experimental data. Never-
theless, it is beheved that these equations and, in pariicular, the 7
normalized plots shown in Figures 42 and 43 can be used to predict
the tise times of flashtubes needed to insure a given closure time for
the photochromu‘ filters, ‘

If the intensity of the visible radiation from the f;reball, that in
incideht on the photochromic filter, is known as a function.of time, then
. calculations could be made as to the amount of visible tht that trans-

mitted through the filter and incident on the sye, From the Beer- Lambﬂ rt
law - ' '
L, T,d R) = L(r, T, d R} 1074 ‘
/ - (96)
where |

I (t, T, 4, R)= 1 = Transmitted intensity of visible radiation
from the fireball, through the filter, It i'u}:
a function of time after detonation (t'), the
surface temperature of the fireball (T}, th.’e
fireball diameter {d) and the distance from
the fireball (R).

Ii(f' , T, d, R) Incident intensity of vigible radiation froro

the {ireball impinging on the photochromic

filter,

If the (ash tube is triggered ai a e g, after the bomh is detonated,

ihen - $ s bt

Fram equations {95), (96) and {37).
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Ao

e T, d, R) =1,10 ! - ¥EM

(94}

Therefore, if accurate information concerning thie fireball becornes
’ availablegthe calculation of the light transmitted through the photochromic

filter as a function of time can be accomplished,

5 AP

ST ARROL

it i v = A ST e A A
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6, SYNTHETIC WORK

o

Syanthetic work under the contract was kept at a minimwmn since the
major emphasis of the contract was to gfudy in detail various aspects of
the photochromic mechanism in spiropyraons. Only such syntheses which
could help elucidaie the structural requireiments for photochromic behavior
or could substantially enhance certain desirable propertics {quantum yield,
extinction coefficients, rate of thermal fade, etc.) of the apiropyrans

were attempted,

The followmg syntheses and attempted syntheses therefore fall into-
two groupst 1) Variations in substituents on the parent indolinobenzo- ,
gpiropyran to determine the effect of sith subatituents on overall sensitlvity ;
(amount of coloration produced for a given amount of UV jirradiation) and
2) Basic structural variations on the spiropyran molecule. - :

6,1, Varijations in. subsmtuenfs. ~ The work done in the latter maonthe

of the previous contract (AF 41 (657)- 215) and Varlous referonces in the litera- -
ture gave an indication that some e:gmfxcant changes 4in the characteristxcs

of the mdolmobcnzospuopyrana mlght be obtained if various substituents
other than the methyl ETOUpE were dontamed at the "3 position, Conqe» )
quently various indolines were prepqred which contained either an aryl and

an alkyl group or two aryl groﬁps 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 grovp and an electron donating group on the 3-phenyl
fubstituent were estarted, These indolines have not yet been successfully
prepared and an analysis of the ciffects is therefore not available,

A second indication for synthetic work also came {rom the analytical
program, It was noted that indolinobenzoapiropyrans which contained the 5-
nitro substituent were very sengilive and had fast fade rates, Very few 5-
nitro gsubstituted compounds were available for testing sc a short synthoetic
prograin was glarted to Jurrish a sufficient number of such compounds and

similar componnds so that their generval characteristics could be determined,
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Preparation of 1-muthyl-2-meihylene-3, 3-diphenylindoline,

In 500 ml. round bottom flask were placed 63 g. (0. 31 mole) of
benzil, 90 g. (0.96 mole) of aniline and 1 drop of hydrochloric é,c;id and the

mixture was heatced for an hour at 160-170° in a carbon dioxide stream. The

brown oily melt was stirred in ethanol and upon scratching a larps quéntity -

of yellow crystals formed, which consisted of 60 g. of dianil contaminated
with monoanil. Through recrystalization from ethanol, in which the dianil
was much less soluble than the monoanil, 38 g. of benzil dianil {II) wase
obtained with a melting point of 139-142¢ -

A guspension of 32 g. (0. 089 mole) of benzil dianil in 100 ml.
of ether was added to a solution of 0. 3 mole of methyl magnesivm bromide
in 100 ml. nf ethezr. The solution was refluxed for 3 hours and then decom-
pesed by pouring into watsv. The water solution was extracted with ether
and 11 g. of a yellow solid {melting peint of 147-153%) wan obtained from the
ether layer. This waa identified as amethyl-aanilinobenzil anil (117),

The 11 g. (0. 03 mole) of o ~imethyl-a -anilinobenzil auil was added

to 200 m. of 12% hydrochloric acid and refluxed for 1 hour. The hydrochlorvide

was obtained an a white solid with a meliing point of 138-141".  Thia hydro-
chioride ves dissolved in ethanol, watay wag addod and 7 g, of yellow zolid
with 2 melling point of M1-142° wag abtained and identiflied as oocaethyle a -

ariinodesoxybenzoin (1Y),
T
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In a W0 inl. round batiomed flask weve placed 7 g, (0, 024 moie)
ef & ~mathyl- a-anilinadesoxyhenzain, 17 g. {0. 18 mole) of aniline, and L. 5 g.
(0. 015 mole) of aniline hydrochloride. The soluiion was heated to 170* for
3 hours, ceoled to room temperature 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-methyl-3-phenylindolenine {V).

This 2.~pheny1c3-methyl-L-phenylindoleniné was methylated by
refluxing with methyliodide for three hours. The yellow solid obtained was
recrystallized from acetone-ether to give 1. 6 g. of yellow crystals with a
melung poml. of 22]1-223° which was identified as 1, 2-dimethyl-3, 3-diphenyl-
indolinium iodide. This iodide was decomposed with bage, extracted with A
etheér to yxeld a light green oil whu.h was identified as l-methyl-2- meth‘ylene-
3, S-diphenyhndohne_ (VD by c;ondene‘atmn ‘with various salicylaldehydes.

-14d-
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Prepavation of l-methyl-72- mvmylnm; phcn}i—-w-n propyl- B

nitroinde 'lm

o,
QN~A" e
C3H7 ‘-NO o5 ' CQH’
CH H2504 L \ =CHa,
¢
(Hy

A 5.8 g. sample of l-methyl-2- methylene “3- phe-'xyl =3-n-
propylindoline was added to 54 g. of sulfuric acid holdmg the tempelature o
below 50°, The solution was cooled to 15° and 1.5 g. of nitric acid (¢ =1.5)
was added at a rate to maintain the temperature of the solution below 20°C.

It was allowed to stand one hour at room temperature, then poured into ice
water. On neutralizing with sodium hydroxide, 5 g. of l-methyl-2-methylene~
3-phenyl-3-n-propyl-5-nitroindoline was obtained as a yellow solid.
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1,3~dimethyl-3-phenyl-2-methyleneindoline (31 g. ;0.13 -rﬁoles), .
48 g. (0,25 mole) of n-butyl jodide, and 35 g. of n-butyl alcohol ware
reacted in an autoclave for five hours at 130°, The pink solid obtained wae .

récryqtallized from ethanol to give a melting po‘ilm p‘f ‘ZZ?m»ZB‘)’,;v _fi’hia;igdir._le

was decomposed with base, extracted with ether, and the product was =~
distilled at 128-140° /0. 33, 5 mm. to yieid 7 g. of l-methyi-3-phenyl-3:n-

pentyl-Z-methyleneindoline,
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A 100 g. 10, 66 mole) sample of 4-moethoxy proptophenone {Aldrich
Chemdcal Co.j and 7L g. (6. 66 mole} of phenyihydreazion were refluxcd in 120 ml.
of 95% ethanol containing & few drope of glacial acetic acid for 30 minutr'ﬂ The
reaction mirture was conled and the product wee rYenaved by filtration and
recrystellized from ethanol to give 53 g. (0. 2 mole, 30% yield) of the hydrzzone.

, This hiydrazone wasr refluxed f or 3t minutes in 2 N sulfuric zeil.
The reaction mixtore was cooled and filtered and the product was recrystaliized
from ethanol to give 32 g. (6.135 mole, 67.5% yield} of 2- (p-methoxyphepyl)-
3-methyl indole, m.p. 126-127°.

Anal. Galed. for CioHysNO: C, 80.98; H, 6.3

Found:  C, 81.2; H, 6.1

A 30,0 N g (0. 127 mo?m) aample of 2~ (p-mothoxyphenyl) 3-—meth*,rl- .
mdole was heated to 125‘ for five hours m an autoclave witb 54 g, (0. 38 mola)

of methyl iodme and 30 1. of methanol. The reaction rmxture was waahed with
| acetonn and- iiltered to: gnve 5.1 g. (0.0205 ‘mole:-16% yield) of what'was »
e assumed to bc l. 3, 3 trxmethvl -2-(p- methaxyphenyl) mdolemmum iodzda. mg p. o
2032050,

A amall portxon of this indoleninium ic.d:de was heateo above its
meltmg pomt to cause it to rearrange to the l, 2 3-trimethyl- 34p- methoxv- .
phenyl) indoleninium iodide salt. The resulting melt was treated with baae.
and extracted with ether. The ether extract was evapdrate,ci ‘and the reéldue
was refluxed with a small amount of 5-nitrosalicylaldehyde. No photochromic
product could be found in this reastion mixture. It was then concluded that
no rearrangement had occurred on heating the indoleninium salt.

A second small poxtion of the 1, 3, 3-trimethyl-2-(p-methoxyphenyl)
indoleniniurn iodidg war treated with bhase and'extra.ctéd with ether. An IR
spectrum of the dried and evaporated ether extract showed a atrong O-H
absorption band indicating that the product is probably the 1, 3, 3-trimethyl-
Z-{p-msthoxyphenyl) indolin-Z-cl.

~t46.



Second attemptod preparation of the desirved indoline waz then

trled

S e o

] b 000 ey ( :
\L‘\‘lcui“ﬁ 1 ! ( 3 >i' ) 4“'1‘{&%'}! '*'(‘A-}

O, |
o ' e . L I;j\m*-
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1™

4 2CHyL b

.‘ ,“" _._Qﬂ?.%e @RgnucT NOT YET ANALYSED)
CHy Ie . .

Uning the method of G, G. Smith(13)166 g. (1.0 mole) of p-methoxy-~
phenylacetic acid {Matheson, Coleman and Bell, m.p. 85-87°} was dissolved
in 400 g. of pyridine and 970 g. of acetic anhydride in a 2-liter 3-necked
flagk fitted witk a thermometer, a mechanical stirrer and a reflux condenser
which wan fitted with a drying tube. The well stirred mixture was heated at
125130 for 78 hours. The pyridine and unreacted acetic anhydride were
remnoved under vacuum and the raegidue wasg hydrolyzed with agusous sodium
hydroside.  The hydrelysis mixives was extracted with ether. '('he ether avtract
was evaporated and distilled to give 61 g, {0, 405 imale, 40% yield of cvade
anieylacatons, b, p, 132-1407 /% pum. Lif, wslve UT-122° /646 mm. G Oh Boith).
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A 44 g, {0,400 mole) portion of phenylhydrazine and & g, (¢, 405
mwole} of smisylaceione were refluxed for 1 hour in 75 ml, of ethancl containing
few dropa of acetic acid. The reaction miixture was cocled and treated with a
large volume of water which cansed the formation of two layers. 7The organic
layer was drawn off and vacoum distilled to give 21 g, (0. 085 mole, 21% yield)
of what was assumed to be 2-methyl-3-(p-methoxyphenyl) indole, b.p.
205-210° /1 mam, o

The Z-meothyl-3-(p-methoxyphenyl} indole was methylated in the
usual manner with 3 equivalents of methyl iodide in an autoclave at 125°, the
salt obtained was decomposed with base and distilled but has not yet benn

characterized,
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Ateempled preparation of {-(p-nitrophanyl)-2-propanone.

.m i

d 4y GO o AN
ﬂt :'}‘q('m @ - ’ fljﬂ + L:,’ \, ook
oW

R e

A 500 ml. three-necked flask wae fitted with @ nwchanicully driven' D

snaled stirrer a thexmameter. ad)uated su that the bulb erxtf-ndéd inta the o
reactants, and a reflux condenuer._ A mixture of 54, @ g (0 3 mole) of '

p-mtro-phanvla.cotid‘acid, IZU g (1 5 ‘moles) of pyl‘idine and 290 g., (2'85*‘.;,‘:". :

moles) of acetic anhydride. was heated with mxrrmg foz' @ perfod 0! 24
"hourx at: 120°, Tha pyr:dine ané exren .zcetzc anhydride wer" remove

vacu\zm dutﬁlatmn. Fractwnal vacuum. diatination of the: eu due: ywlde&; e
the enol acetats of la[p nitrophenyl) 2-px apanone. An attempmd alkaline

i.. :
A

hydrolyma to the kel‘.one ‘rasuited in the loss of the gompound

"
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Preparation of photachromie compeunds.  Following is a typical

8 o 8 B s

prepavation of an indalinobenzuspivopyran. Table 19 lists the other spiropyran

prepaved duving the contract peviod.

Preparaticp of 5-chioro-4, §'-dinitroindolinobenzospiropyran,

To a solution of 6, 6 I'g. of 5- ni‘trosalicylaldehyde in 50 ml. of
95% ethanol was added 10 g of 1,3, 3-trimethyl-2- -methylene-5-chloro-6- nitro
indoline. The reauﬁmg mixture wag refluxed for two hours. The reacuon _
mxxt\n-e waa cooled and the preci;ntate which forimed was removed by
‘filtration and recrystallized from ethanol, This gave 5-chloro~6, 6'-dinitro
indolinobenzoapiropyrau with a m. p. of 249 - 250°

Anal. Ca.lcd.-imf c,gﬂ,,,N,'osmz C,56.79: H,4.01

Found: C.56.9: H,4.0
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Propavation of B-methoxy~3i-phenyl-5'-bromo- 6 -pitro- -8' ~methoxy-

dibenszo ?;}pi. LOPYYAL

A i )
Ar P ,/
(L.!*‘ ” t ’ v B.mn
., QHst —CmCy ~ERS—d
olINC o C%' 2‘}«
e 5 R 7\
: \ /
] e My iy

This compound was ’inco'rré'ctly referzed io as 3-phenyl- 6'-mé't>hc.1xy-
5'-bromo-6' -mtrobenzo-ﬂ naohthosp&ropyran in Quarterly Report Na. 1 of

" the contract,

In a 125 ml. Erlenrxm,m .uw.u& wure gmced 2, ?5;'" (0.‘ 01 vfnol'er).fof-

© 3. methoxy =5-nitro-6s bromoaahcylndehyde and 2. 2 g. (0. 01 mo‘le) of
C 3. methoxy 2 hydroxystyryl ct phé’ﬁ‘y‘l methyl keiona and. 30 ml, oi glacial
‘ fa,cetxc acxd ~ The- solutton was saturated thh dry hydrogan chlonde and auowed

to stand ovcrn.ght at room temperature

Greer c‘ysfam (4,5 g yxe’d of SS'/o) were obtamed by fxltermg
and waining several times with ether. The pyrylium aalt was bvqrolysed
by diaaulvmg in acetone and adding ammoniurr hydroxide until the solution
changed from blue to yellow. The ellow solid obtained waa: decolonzed '
with\Iorhe and recrystallized two times from an acetone-water ﬁohmon m.
yield yellow needles with a maltmg point of 207-209°

Anal. Gale. for Cis Hy g NO; Br! C,59.06; H, 3.56

Found: C, 59,3 H, 3.7
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 spiropyran series (IPS) "The dramntic change.in thermal fade Tate: ~ ‘ |
produced by replacmg the }- methyl group with a phenyl nlao led to.

0, 2. Basir structural changes, - Several corrclations between
structure and photochromic propertine bave becen observed tu the courae
of previous investigations of the spicopyrans and it appeared highly
advinable to quickly survey severai uther immedistely apparent struchural
vaviations before proceeding foo far with an evaluation of the ulurnats
utxlxty of these ccmpounds. The previously ohserved difference in
sensitivity hetwaean the indolmo -8- naphthospivopyran sayvies (NIPS)

[

and the ;ndoxxnobenaosp:rcpyran series (BIPS) suggeatad that noseilly

)»:,Q: S | AH&}H |

‘1;95 o "",:_,"B,IPS-

a comparable change in aenmhv;ty could be obtained in the 1!1&‘.‘1011!10* .

speculation cdncerning the affoct of & eirallax replacemt nt by an acyf

group. A short review of the preparations and rcaultl of th“e and o

other structural variations is given in the fcllowing nect.ons.

-1 63
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Attemptad s nthesis of indolinoepircpyrans, - Various attempts

were made to synthesize indolinospiropyran {IPS8) compounds by rethods
analogovs to the preparations of the BIPS compounda. The fow attampts

which did give a product vielded no photochvomic material,

Attempted preparation of 4', 6'«diphenviindolinospiropyran, -

f
CHs

I B e |
Q‘;&.:ZH;+ $-C-CHyC- —— N. R,

A 3,5 g, {0,02 mole) az;.'mple'ot Fischer's .Bi_ué wa}{}ggﬂgmd thret-

houre with 4.5 g, (0, 02 mole) of 'dibvenzbyl"methénéi in’ethanol, fw«;tk»up

of the reaction mixture by the usual 'mé;h’éd used far BIPS yreparuaious - .
{s¢c Engineering Reports and Final Keport on »fContract AF '4“’6‘57)‘21’5) gave .
no identifiable product, . o | o |

| 'ﬂxiu reaction was unsuéceuﬁuﬂy rei:mated'v-nth’a'iﬁ ‘hr.' reiluxtime
Other attempta using bagic conditions {sodium methoxide and triethylamine

separately) were also unsuccessful.

[
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Attamnpted preparation of 4', 5'-diphenylindolinaspirvoxazine. -

HECH , L HE CH, b
S 500 — G
AL b pmen e Ao

Al 01 g (0.0l ‘mole) umple of 1, 2, 33 tetrnmath;iindnlenmium md.ide
and 2,285 g (0 01 mole) of o ~bensil monoxxm@ were refluxed’ ZZ hourn {
ethanol in the presence of 1— Qg (‘0 01 mol- of trie‘thylo.mine.' “The reacﬁon
mixture was evaporated to give u viscous mau whzch WA trimrated with
ether. 'I’he s0lid whxch ueparated on trihxrzc{nn wuhed witr. ather and |
recr ,rstalhzed from raetbanckchlofol o!‘n’x wu fmmd to M"tﬁe 1ndolenznium o
iodide, The ether washinga were cvapurated and the reuidu* was purified
of unreacted oxime by recrystallwanon from bonzano to gwe O 25 '8 of & ‘
bright yellow solid, m.p. 183~ 5", probably not the Bssumed 4', 5' - dxéhenyh
indolinospirooxazine, This ‘materiai was not photochromic but did give a

deep red melt,

Anal, Caled. for Cp Hy ¢N;O: C, 82,15 M, 6. 41 N, 7. 4
Found: ¢, 74.8: M, 6, T'N, 6,9



Attempted preparation of 5'~nitroindolinoapiropyran, -

Q)
HE. L CH, - HE =O]
o
(op-cr { | Na -
J

A 3.01 g. (0.0} mole) eample cf 1, Z, 3, 3- tatramathvlindn?m_x ,;3

ivdide and 1.57 g. (0, 01 mole) of sndium mtromalonaldehyde wne r !_1 »

for 1.5 hours in 100 ml. of ethanol containing 1,0 g. (0 0.1 mo)n) of 'g,;; ‘ . w3
trzethylnmme. The reaction mixture was cooled to mducvpreci’pintmn .
and the cryatalline product (0,65 g.} was removed by ﬁltratiorr tm( ‘

waghed on the filter with methanol, Recrystallization of 0. aO g bf t.hul

product from methanol gave 0,18 g. of orange needlas, m, p. db ‘6'.

of the assumed atructure shown above for 5'- mtraindollnospiropyrlm—'M

“This product was not photochromic.

Anal, Calcd, for CygHjyNaOy: C, 66, 2;H,5.9; N, 10.3

Found: €. 65,25 1,

i

5.7 N, 10,3,

¢, 65.4; H, 5.8; N, 10,2,
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Preparation eof 3, 3-di mathyl-6'-nitroindolinohensospiropyran .,

- H
G PNHNH, o+ HCmC =G e g\“é SN H- MEH
i 3

A 32,4 4. (0,3 mole)‘ sample of rshenylhydrllinc und lﬁ 8 5. !

mole) of methyl isopropyl ketone were refluxed for &, 5 houn in uOmL-al ‘
absolute ethanol contamlng 10 drope of concentrated nnl.iuric acxd‘-:';m'i"
reaction mixture was filtered to remove insoiubles and the iiltrate""wﬁ
dried over molecular sieve, The dried solution was filtered and vacuum
dinmcd@o give 34 g, of the hydrazone. |

A 33,5 g, (0,19 mole) sample of this hydrazone was hedted for 1
hour on a steam bath in 350 rnl, of 2N sulfuric acid, The reaction mixture
was coolad, 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 5

1,5433 and 1, 5460) .
A 1,59 g. (0.0]1 mole) sample of 2., 3, 3-trimethylindolenine and i. 67 g.

{ 0. 01 mols) of 5-nitro salicylaldehyde were refluxed for 2 hours in ethanol
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contaiminy 30 drope of triethylamine, The salution was cooled, filtered

indolhwnobenzogpiropyran,  This material was not photechromic.

Anak. Caled. for Cia 4N Oy C, 70,0 H, 5,25 N, 9,1

Found: C, 69.7, H, 5,3 N, 5,4
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Attempted preparation of l-acetyl-3;3 -dimelhyl-0'~
mtromdohnobunzosExr_x;yran -

o+ ettt i e

f{\ CH, c"“ (?
|
(J\N, CH, + H,C~C~0 ~C-C Hy s

(I C'r + [ AR (:[
| N/_ ON N

A 3,18 g. (0,02 mole) sampls of 2, 3, 3-trimethylindclenine, 1.5 g.
of fused sodium acetate and 100 ul, of acetic anhydride weare heoated on a
steam bath in a 250 ml. flask fitted with a condenser and a drying tube.
After four hours the reuction mixture was 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 distilled
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 l-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 ml. of absolute ethanol for a period of 18 hours, Only a viscous red
residue remained on evaporation of the solvent from the reaction mixturs,
This red residue war taken up in benzene and the mixture was filtered to
give & baaghi yeilow vulidy o p, <04-205,5%, on the {filtev. 7This muwaterial

wae not photochromic and by JR analysis was identical with the prodact



ohtained from condenaation of &, 3, 3-trimethylindolenine and 5-
nitrogalicylaldehyde reported in Section 6. 1.4, Evidently the acetyl

group had been cleaved in the reaction,

Anal. Caled. for CLS H”I‘IZC);: C, 70-}: H» 5- 2; N: 9-1

Foundt C, 70.2; H, 5.21 N, 7.4

6,3, Conciusions on synthetic work, - The prelimninary investi-

gations of structural modifications dcscribé‘d above’h‘ave given no indica-
tion of photochromic properties .invspiropy.i-'a‘ns _iaéking’the\kl:gnzene ring
in the benzopyran half of the molecule or with the l~-methyl group re- |
placed by a hydrogen, ‘Atgempts to replace the l'é-méthyl grou§ with

an acyl group have not been successful,

The syntheses involving leas radic¢al changes, i.e,, changes
only in substituents, produced moderate improvement 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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