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The srimary object of thess studies was to develop a
sengitive method of Adseteoting the presence and sstimating the
goncentration of a fluoressing substance in solution. This
was attemyted by somdbining two separate photo-electric phe-
noasna t9 producs a larger photo-effect than either one alone;
these t¥o 1istinet photo-electric phenomena were considered
a# beinz primordially dus to (1) the light-sensitive electrode
and (?) the flusrescsnt solution. In ths former, the slectrode
was a m9tal which was covered with a light-sensitive layer, a
seni -conduetsr, by means of heating in air or immersion in
certain solutions. ¥xisting theories on the photo-elestric
propsrty of semi-oonductors have been discusesed. The use of
a 3lass mendrane in the fornm of the conventional glass electrods,
which was the dark slsotrods, and the complete paraffining of
the light-ssensitive electrode except where it was irrsiiated
produced falrly largs photopotentials from the incident light
but very poor photonotentials from the fluorescent light of a

ss2lution. 4 sensitive vacuum-tudbe electrometer was used to
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measure the photopstentials, This part of the research with
qetals was thsrefors shandoned and full attention given to
thes fluoressent eslutinn.

The resssrch on fluorescent solutions, here called the
"flusra-photovoltsic effect” bsoause the potential was at
first thouzht t9 be producsd only in the presence of & fluores-
eing molesule but waes later fourd to be produced by non-fluo-
rescing sompounds as well, has ylelded very promleing results.
The irraliastedl slestrole was simply a point of an inert metal such
as platinum; ths dark slestrode was a plece of platinum foil.
The vacuuzn-tube elsctromatsr above was also used here to
maasurs thess fluoro-nphntopotentials., Fluorescinz sulatances
which disrlaysi flusrsscsnse throushout the solution {(volume
fluoresssnas) »roducsd a fluoro-photopotential which wae
always posgitive sl nromortional to the concentration within
a sartain ontimum range; fluoresoinm sudstancee which were
sufficiently concentrated to produce fluorescence only at the
surface whars the insident light first approached the solution
{surfacs fluorescancs) yislded constant fluoro-photopotentials
which were inlspenient of the concentration. The range of
somcentration in whish ths point could dbest operate was rmch
areater than ths "trace” consentrations which the eye snd
external pshoto291l san readily detect. This fluorc-photovol-
tals methol, thersfore, 1s supplemsntary to the visual and
photonstric methods of estimating concentrations of fluorescent
substanzse in solution,

Other variables which hal an effect on the fluoro-
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phatnpaﬁshtial were temperature, size of probe-point, inteneity
of the incident light, stirring, and the dielectric constant
of the solvent.

The theory, introduced here to explain this fluoro-
photovoltale effect, pronosed that the fluoro-photo-active
mo2lecule must have a low eleotron-density group such ag &
esrbonyl to whieh photo-eleotrons can move from an electron
source such as a benzene rins or the solvent, which subsequently
forms the positive rluoro-phatOppttntial.
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TINIRGS ON THS PHOTOVOLT ATC HPFROT
2ITH "IT AL AND FTUORTCENT A0 UTIONS

GENYR AT, INTRODUCTION

The »nrinary nbjsct nf these studies is to develop a
gensitive nethnd of dstecting the presencs and estimating the
eomeantration »f a fluoressing substance in solution. This
is a3292mlished at present by measuring the fluorescent light
with a3 shotasell or by visual comparison with standards. How-
ever, it was thousght that the peculiar photnvoltaic pronerty
of the fluoresgsing molsouls in solutlion could be utilized for
its quantitative eatimation anl, therefore, these stgdiee were
uniertaken with the sscondary purpose of studying this fluoree-
aent phstovoltale effaect or, mors hriefly, the "fluoro-photo-

vnaltais effsect”.

Tworyxin amdl ilson (73) divide all photo-electric effects

into three 21lasses a9 followa:

I- The ®hoto-emigaive Tffect, where an actual libsration
of 9lastrons as photo-eleotrons takes place. Examples
a2 this cless are ths vasuum and gas-filled alkall-
metal Hhoto-elaestric cells.

IT- The Phstocoriuctive 3ffect, where a chanze in the
ohnic resistance of matter results on irrsilation.
Xamples of this class are selsnium; sulfides of lead,
amtimony, blsmath, molybemunm, silver, and combina-
tions of these; oxides of coppsr and silver; alloy of
seleniun and tellurium; and thalltium oxysulfide (Tha-
1ofi1s 0ell). Phntocells which onerate on this sffect
are gom9times called "light-sensitive resistors” (56).
The new "thernmistors” or thernal resistors (2, A9)
which have 3 nszative resiatance-temnerature acoeffici-
ent sagm t5 have sone relationship to the light-sen-
8itiva rasisgtors of this clsss.



III- The »hotovoltaic 7Iffect, where a ohemical or physieal
reastion results in producing an electromotive foreoe.
It 13 in thie clasa where all of these studies have
heen asoncentrated,

Husthes and "uPridne (29) divide the photovoltalie effact,

Clase ITT above, further into four sroupe as followe:

1- 7Jells in whiah the electrodes are oxides, sulfides,
or halides of certain metals and in which the electro-
lyte 1s a solution of an acid or an inorganioc salt.

2« Jalls in which pure metal slectrodes dip in s fluores-
ainz snlution, heres called the 'fluoro-photovecltalic”
call,

3- Zslls in which the elgctrodes are pure netals dipping
in invrmanias alestrolyios; nhoto-ionization Aifferen~
g88 ars probably detectel.

4+« 39lls eonsisting of two metals with a partial corduc-
tor such as selenium between them; this indicates a
relatlionship to the photoconductive effect mentioned
above anl this relsationship will be mentioned azsin
ralow.

In this division of the photovoltalc sffect, the first three
groups desl with polutions snd the fourth enbraces the eo-
called dry photovoltalc cells whish are now used in nany
Industrisl deviess. ‘nly two out of thes four groups have

been gtuiiel here, i.e. mroups 1 and 2. The purpnee of stuly-
ing the photovoltale effect of these two groupe, (1) metels
anl thelr somourds and (2) fluorescent solutions, is to
deternins whether a eombinstion of these two groups would

give a greater photovoltmic effect than either of the effecte
of the tw> Troups azlone. In other words, by forming sn elect-
rode which ls sensitive to the fluorescent light of the solu-
tion, 1ts iammersion in the fluorescins volume might sive still
a graater photovoltaio effect dus to the presence of the
exaited fluoresoing molecule.

This ressarch has been divided into two parts socording



5 the above-msntioned twn groups. Part I is entitled "ftud-
168 on the Phitovoltalc 3ffect with 'etsls" and Part II,
"Jtudies on the Photovoltaisc Zffect with Fluorescent Sclutions”.
Part I 1as baen extensively stuiled by nany workers and several
theories Yavs alrasdy heen pronourded to explain the photo-
voltsals effeot H»f this part; on the other hand, Part 11, the
studies with fluorescent solutions, has not hal much develop-
ment. Althouzh this nrasent work has produced poor semi-
ooilustor light -sensitive alectrodes for detecting the weak
fluoressent light, the most nronisins results were obteined
with the fluorasesant solutions of Part Il. However, since
the studises wvith the metal-nxide system have uncovered inter-
esting phendiena which nay leal to a better understanding of
thelr behavinr on irraliating with light, they have been
included in this naper,

The nhotovoltaioc effect was originally studied by
Pesqusrel (3) with golutions of eleotrolytes, later by others
with non-elsatrolytes (30, 39, 53), and finally with solid
seni-oonductors as mentionsd in group 4, page 2. Jemi- or
partial -conlustors are rousghly those having an electrical
resistange not graater than 1017 ohms per centimeter cube;
those pubstances having a mreater value are claseified as
insulators althoush tempsrature variation affects this demar-
eation value aonaidlerably. iluch theory has been developed by
the physicist on the senmi-conductor (40, 71). Sractically
all of the studies in this research have been meoie with

solutions in order that the primary object, the development



of a sensitivs nmsthod of detecting and entimating the concen-
tration of a fluoreassent substance in solution, could be
fulfilled.

Yoamer (56) poiats out that "... the photovoltaic cell
commgmds s zrester varlety of terms than any other photo-
oleatrieo deving; for axamle, dry-disc cell, rectifier cell,
bloeklng-lgysr sell, bmndary-layesr cell, insulating-layer
891l, barrisr-lagysr sell, sandwich cell, nhoto-e.m.f. cell,
sclffgenaraﬁing'aall. grerrschioht~cell ...". He also states
that sinos all »f these named cells 4o no£ contain any liquid
medium, thsy shaould not bs called "photovoltaic cells” tut
?h9to-e. 1. . 0ells”; those cells whioh do contain 2 1liguid
medium ususlly as an elestrolyte should be classified as
"ahotorynaitais® oy "photolvtic” and not "photo-eleetrolytie".
Tn this narer, ths term "nhotovoltaic cell” is spplied to all
the cells stuliled whichAproduoc a photopotential, anl since
naarly all of the 26113 studied here contain a liquid medium,

Sommer’'s si3xestion has been followed.



PAR? I
ITUDNIES ON THT PHOTPOVOLY AIC EFFECT WITH METALS

CHSPTTR I
INTRODUCTION

A iniicated above, the studies of this part have been
made with photovoltaic cells that contalin sensitized electrodes
covered ususlly with a semi-conducting oxide layer amd immersed
in a liquid medium whioh may or may not be an electrolyte.

The 1liquid medium seens ¢o ast as a contact or oonnecting
agent to the seat »f photo-sleotric aotivity which is in the
gomi-condusting layer on ths surface of the irraiisted elect-
rods, The slectrolytic photovoltalc oells described in this
part of the ressarch nay be considersd as a revival of the
obsolets "wet" cells such as the Rayfoto {11, 73}, Aroturus
Photolytic (73), smd Ruben (73) cells, whioh were rapidly
replaced by the "dry" photo-e.nm.f. cell type of group A, paze
2; commeroial sxamnles of this 4ry photo-e.n.f. cell type are
ths Teston ™hotronie Cell {68), the Zernan Tungeranm Cell (30},
the Qsnersl Jlesstric "Hlocking-Layer” Cell (38), and the
Yestinghouss Photox Cell (67).

The forasr "vet"” sommercial photovoltalic ocells mentioned
above ususlly contained euprous oxide on aopper as the light-
sensitive electrode snd metallic lead or ocuprous oxide on
copper as the dark eleetrode; a solution of lead nitrate,

oopper sulfate, or soms other salt, or thelir gels, or a molst



rock-salt erystal wers the means of connecting the dark and
irradiated slectrodes.

In most of the above "dry"” photo-e.m.f. ocells, the light-
sengitive layer is selenium which is spreal over a sheet of
iron. 9elenium when irradiated produces a negative charge on
the elesctrode or contact which is nearest the llght as shown
after exhsustive studies by Mams and Day (1) in 1876. The
irradiated surface, thersfore, assumes a negative polarity or
is "photonegative”; the dark iron base electrode is consequent-
1y "photonositive”. The sensitivity of these electrodes 1s
sufficient to detest the fluorescent light from 0.0001 mg. of
sodiun fluorescein per ml. of solution (33). The polarity of
the irraiiated elsotrode is of theoretioal significance and
much diseussion will be given on this below.

The obeoslete form of wet cell has been recalled here not
for the purposs of developing a more efficient photovoltale
cell but to Adetermine if any effect with the liquid medium as
s fluoressent solution sould be obtained which would have

some analytical significance according to the primary object
of thig ressarch,



CHAPTYR II
HISTORIC AL RPACTAROUND

Besquerel (3) is considered the discoverer of the photo-
voltalc sffeot in 1939. His photovoltalc cell was of the
groupe 1 and 3 types deseribed on page 2; 1t conslsted essen-
tially of two similar metallic electrodes such as silver,
each oovered with silver chloride to enhance the photo-effect
over that obtained with the plain uncovered electrodes in an
inorganie electrolyte. *Yhen these slectrodes were placed in
a 4ilute inorzanic acid such as sulfuric and only one of the
two electrodes irraiiated with light from an arc, a potential
41ifferences »r photopotential was odtained. Goldmann (18) in
1909 and %oldmann and Brodsky (19) in 1914 studied thie
effect, often called the Bescquersl effect, and oconcluded that
ths phenomenon was primarily photo-elestric in nature and that
any nshotosghemical action on the electrolyte or electrode was
a gecondary effeot as a result of the photo-electronic current
produced by the light. Their method of experimentation was
unique at that time in that a potentiometric cirecult was
utilized to balansce the photopotential generated by the photo-
voltaio sell. The change in current with applied voltage at
constant light intensity using white light wae derived which
is sinilar to that obtained with alkali-metal photo-emiesive
cells. This curve, shown in Pig. 1, page 8, indicates the
photo-electrie property of the light-sensitive electrode.
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Later, in 1925, van Dyck" (63) using momochromatic light veri-
fied these experiments and also maintained the photo-electric
explanation, However, many workers, according to Hughes and
DuPriige (23) and Lange (30), 414 not consider the photo-
electric effect as primary; instead, a purely photochenmlical
exnlanation was alhered to because of certain peculiar results
with ouprous oxide and silver halide surfaces.

In 1873, 9abine (53) construoted a photovoltaic cell
utilizing selenium as the semi-conducting photo-sensitive
eleotrodes and Aistilled water as the "electrolyte". Later
in 1393, ¥inchin (39) ingeniously used with the selenium semi-
conductor, acetone, methyl alecohol, and osnanthol (heptylio
aliehyle) ssparstely in order to obtain more favoradle amd
stable results, Although the use of organic liquide was not
eontinuesi after inchin's work, 1t indicates that the seat of
photo-aotivity 1is not in the liquid medium but in the photo-
electrisally-sxcited sslenium, This action in the neighbor-
hood of the liquid-slectrods interface is similar to the old
exnlanation given by Davy who assumed that the location of
the eleotronotive force produced in an eleetrolytic cell is
at the junction between metal and solution and not at the
junetion of the dissimilar metals of the oclircult as assumed

by Volta. (53). The use of organic solvents in the above

Viisspelled as "Dijok” by Hughes and DuBRridge (28) and
others in the literasturs.
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mannser »f “Tinchin 3md slso tn 1issnlve fluorescent subetances
hgs bsen zttamtel Ln this rasesrch an? 18 deserited in Part

II of this naner.
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CHATER 11X
TUIATING THINRIES OF THY
PHOTN. AOTIVITY 0P STHI.CONDUCTORE

In sler to explsin the phenomena obtained with photo-
vnltaic cells which »nroduss a current on irrasliation with
1izht, existinz theories based on Lanme's discussion of copper
(37) w11l be reviswed,

An electric currsent may be carried by electrone in metels
as coniustors of the first olass or by lone in solutione as
eoniuctors o9f the secord olass or by both electrone and ions
simultanesusly as in 6ertain crystale. It will be shown later
in the exnarimental section of this part how the current,
pringrily Aue t9 photo-elestrons being liberated by irredie-
tion of ths lizght-sansitive electrods, has been practicslly
eliminated 82 that only elsatronic "pressures” or "conecentra-
tions” can be measured as trus photopotentiale.

Ihe Conoent of Lattice Distortion Roints. If one main-
tains s single eopper orystal at 100600 in the presence of
gufficisnt oxywsn, a single crystal of cuprous oxide will
eventually result, During ths chemical transition, the elec-
trical resistancs »f the orystal will increase until, theoret-
i6ally, a non-oonductor will result when the crystal is of
Dure suprous oxide. However, in the actual caese, definite
and constant values of thernmasl and eleotrical conductivities
smong Many sanples sres not obtalnable even though chemical

tests show complete oxidation to euprous oxide. To explain
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thig nesulisrity, the concept of lattlce distortion pointe has
been introdusei. “Intlensrd (10, 30) calculated from experimental
evidsncs that a single Alstortion point smons a thouesand mole-
culss or unli¥s-iom pairs in the orystal is cspable of produc-

ing 37291 photo-asctivity.
Lange (30), quoting previous workers, especially ¥asner
(66), mentions thres tynes of distortion points in the ocuprous

nxidie crystal lsttice; these are as follows:

1- T™ae mbstitution Type. An oxygen ion replaces a cup-
»ous 19m in the suprous oxide orystasl lattise. This
type has 1ot besn utilized to any extent for explain-
inm shrto-astivity by means of distortion points.
™z, 2, page I, shows the various crystal structures
af ooo9er, sunrsus axide, and oupric oxide. It Aoes
not sesm liksely that an oxygen lon can actuslly re-
nlace 3 ocuprous ion in the cunrous oxide crystal;
instegd, any oxyman entering the ocuprous oxide strue-
tura would form the ocupnric oxide orystal lattice.

]
]

The Interstitial or Inter-lLattice Type. Tixcess nesutral
enppar atoms are gmong fully occupled ocuproue oxide
lattiae nositions, This is represented in ™ig. 3,

naze 1%, and csuses "excess conduction”, to te disgus-
gsed furthar halow,

3« The YTasant-"lass Twne. Cuprous ions are nissing in
the suprous nxide crystal, represented in Fig. 5. page
13. Thia tyne of distortion point causes "deficilency
comduction® also to be explalined further below.
Rerardlegs of thes type of distortion point or center in
ths crystal, the prssence of oxymen, sulfur, or other suitabdle
elsotronezative slemsnts loosens the electrons of the electro-
Ro8itlve metal. "M irrailating, the eleoctron which has been
19o88ned by the presence of these slectronegative elemente may
escaps. This sscaping electron may be a primary or secondary

Yalense one, dspeniing on the metal or its state of valance at
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the 1istortion point and the wave-length of the light. Only
ths metal — as aonner, whether it b»e atonien~lly trapped in a
suprous oxide lattice (excess conduotion) or as a cuprous lon
surrounded by oxygen that balonged to anothervcupraua ion
whisch 18 now missing (dofloleﬁcy oondjuction) — can csuse a
Aistortion noint. The ocuprous ion defioliency conduction e
belisved to result in “backwall” photo-elemente where the
photo-astive laysr 48 bshind the cuprous oxide thickness at
the sunrous axide-conner junction, fiving a photonemative
effeoct t2 the copper base electrode., The trapped neutral
aomner stoms in exscess corduction are thousght to form "front-
wall”™ cells in whisch the photo-activity tares place just where
the lizht penetrates the front translucent metallic electrode
anl strites ths cunrous oxids layer immediately underneath,
causing a nhotonsseitive effect with respect to the rear copper
base metal sunnorting elsotrode. These effects are 1llustrated
in Pize, 5 s 6, nage 13,

The defiscisnoy sondustion of the vecant-place type and
the sxcess oomiustion of the interstitial type of distortion
points were studied andl differentiated by Schottky and Walibel
(30, 55) by means of the Yall sffect (A4, 58)., They found
that in air dbslow AONOC, exaess conduction or the interstitial
tyoe of Tiz. 3 is stadle tut that adove 500°C, copper ions
are niseing sl an excess of oxygen 18 present to ocsuse defi-
¢lienay oomMustion or the vasant-place type of Fig. &4,

It may be well here to stress the faot that the above

discussion i3 based on Ary electrodes which have a translucent
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elagtradie sver it. The nrerinus stuiies on the crystal of
cusrous 2xids have not been male with solutions or any other
11quid meitun., “Inowvever, the above discusslon hee been glven
hera btacause a3 ¢orrelstion exists bstween the studies with
the iry suprous oxids srystsl and the wst Pecquerel photovol-
taic coll ag atulied in this nart of the research. Iance
alsn stressss this same relationship as follows (30):

“The pans furndamentsal photn-electric nrocess underlies
the Fecqjuerel effect (the wet photovoltaic cell), the
erystal nhoto-effect (3), and the barrier-layer effect
(the iry »hots-s.m. f. cell)., ™e mroup these three phenom-
ena, A1ffaring only outwardly, tomether ss 'semi-coniuctor
nhoto-effects’ a3l Assignate the various photocells depen~

ding thareom as 'phnto-elaments', 80 as to emphasize thus

their characteristic property of acting ne spontanecus
gourses »f surrent,”

The shactral sensitivitlies of the "frontwall” and "back-
wall® nhota-9.71.f. cells are not discussed fully here except
to point 7t that each has its own definite maximum sensitivity
wave-lensth, »rohadbly due to the two differsnt types of distor-
tion centers. Thsse two diffarent types are concermed with
the 22pner atom in 2ne case and the cuprous inn in the other;
the two differsnt maxima for sach case nay he due to the fol-
lowinz two separate oxidation reactions:

2
0 4y géét Sut 4 electron {frontwall excess conduction)

Ts Cutt + elsctron (backwall deficlency conduc-

tion)}
where 3 and}32~are different enersies of ionization, obtain-

able from the incident light., Lange (30) showed that the wave-
length maxinum of the backwsll cell is not dependent on the
red ocolor of the cuprous oxide layer through which the light
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must nengtrats in ordsr to reach the photo-active interface
batyaen the »eav» 29n9r hase anl the cunroun oxide, ss stated
bty Tushes anl MaPridve (°3), Tnstead, the two atove reactions
may be invalvedi t» nive ths separate wave-lensth maximum in

each cat9. Tabhleg T summarizes tha ahove discussion.

AR T

GO ARTAONT OF RO AL
A RACYTATYL OULLS

Photn-9.1. f. cell “rontwall cell Tackwall cell

"oto-gffant Photonositive Photonermative

Tyne »f eondustion || “xcess Deficiency

Tyne of dlatortion Interatitial Vacant-place
lattice

Jtate »f copner st || Neutral copner Cuprous ion
Aiatortion »nnint aton

hoto-reaction Cu® + hvy ——> Cut 4+ hv,—
ragnlting Gut 4 e cutt4e

Wuch »orz a8 hean Adons on the spectral mensitivity of
liowt geneitized leyars on common netals, such as copper,
silver snil 2014 (7), cadmium, zine and silver {A), etc. Yany
nf the worizars on this nhase of the photovoltalc protlen
alhere stronzly to a nhotochemical explanation and photochem-
leal theories have been sivanced by van Dryek (€%), by *arrison
(13}, by Tanselonvy and Shenmpard (64), and by others (28)., The
elgctroneg liberatsl by the nhntochenical process, according
t2 thess workears, do no% necessarily ohey laws of photo-elec-
tric emission.

TLianma (37) =onarantly is the first worker to differsntiate

distinctly bstwesn the frontwall and backwall photo-e.m.f.
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sells. 7The lrportance of oth is indicated by Sommer (56)
Th9 rgsommends separate symbols for each type as showm 1n Fig.
7. Pm, 1%‘

A racent ilscussina on dAlstortion pointe not only in

’

thermigtor material ut in seni-conductors in general hae been
nmale by Facker, drean, and Paarson (0); the following is quoted
from their napsr:

"Some immuritias are much more effective in increseing
the 39Auctivity (Hf ggmi-conduotors) than othere. One hun-
Arel »arts ner millinon of some impurities may increace the
sontustivity »f Hure silicon at room terperature hy a fector
of 177, Other impurities may be present in 100,070 perts
H9r 2illim A heve a g1al) effect on the conductivity.

Twd samnles mey ¢ontain the same concentration of an impurity
and still 11f%ar graoatly in thaeir low temperature coniue-
tivity. 1If $hs imurity 15 in 30114 eolution, thst is,
atoiselly 4i9psresd, the {ocurrent) effaect ias sreat; if the
{mourity is satrameted in stomicilly larpe particles, the
affast 19 g9mall. 9inca haeat treatments affect the disper-
gion of fLmmritise in s01ids, the confuctivity of semi-con-
daztors frequantly may be altered radically Yy heat trest-
79nt. I9me dthaer gemi-sondustors are not affected srestly

by heat trasstnient.”

"The 1murity need not be a foreirn element; in the case
af oXxides or g1fides, 1t can be an excesns or a deficlensy
of o5Xyzsn 27 sulfur fron the emact stoichiometric relation.
This excenrs 2an be brought ashout by heat treatment, ...
oy 8 nunber A7 samlaes of cuprous oxide, heat-treated in
such a va7 as t7 result in varvineg smounts of exceps oxysen
eessthe zreater the amount of excess oxyren, the grester e
the sonduostivity in tha low tarmmarature ranre. At hish

temmeratures, 9ll gamles {(of the same commound) have sbout
the gane condustivity.”

"Semi-gomiuctory sen he clagaified nn the hasies of the
carriers H»f the surrent into 1onie, electronic, anl mixed
sondustors, Shlorides such as ¥all and some sulfidee are
ionls sswl-2amiugtors; nther sulfides and a few oxidee, such
a8 arsninw axids, ars mixsdl sermi-sonductore; electronic semi-
s7niustors incluile mnst oxides (fortunately) such as “nalx,
Te4d3, W17, 29rbidss guch as siliocon carbide, and elemente
gash as boron, siliesn, nermeniun, and tellurium. In ionie
andl 2ixe? 2onlustore, lons are transporte? through the solid.
™is shanzasg the Asngity of carriers in various regions, and
thus shanzes the conluctivity. Recsuse this is undesiratlle,
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FRONTWALL CELL BACKWALL CELL

Fig. 7 - Symbols for photo-e.m.f. cells

COPPER ATOM

FIELD-FUNNEL

) OXYGEN ATOM

F1z. 3 - Location nf the fleld-funnel in a copper-cuprous
oxide mixed crystal
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they rarsly ars usel in makines thermistors (or Arvy photo-e.n.f.
cella)

“

T artronic gamiesnniuctnrs are therefore of primery im-
o7rtanss not only ag thermiator naterisl Mt for light-sensl-
tivs semni-aoniuatsre, Turther theory siven by the above
authors 13 not nacessary here excent to quote their summary:

"1< Wetyne (whers nametive electrons are the current
oarriera 9s8 deterninal by the Hall effect) oxides, such ae
72nN, when heasted in a neutral »r slightly reducine atmos-
ohare tecime z2oa1 aonductors, nresumably becsuse they contain
eXze89 2ins vhich 2an dnonate glectrons, Tf they then are
nggtel in g9tdanheres which are increasinsly more oxidizing,
their confustivity dscrsases until eventually they are
intrinsic ssaai-comiuctors or insulators.

7~ P-tyne {(vhere positive 'holes' appenr to te the
current sarriersg as sscertained by measurement of the eign
»f the "19ll effest) nxides, such as FiN, when hented in
gtronzly ->x1117zin~ stnsnheres are rood contuctore, Very
1likXely thay 2ontain (atonic) oxysen in excess of the stoi-
zhismetric reasztion an! thils orymen {(as atoms) accepts
alditional alactrong, ™han these are hented 4n lees oxidi-
zin nr neutral atmognheres ther bacome poorer conductors,
geni-cmiustors, o» inasulators,

3~ "Thean 9 P-tyme oxide is ginterel with snother P-type
2X11a, thg conluetivity increases; ainilarly for two Netype

ox1igs. ™t vhen s ®-type 18 slded to an Y-type the conduc-
tivity 1esraasas,

4. Tf a matal fnrms ssvaral orxides, the one in which
the metal axsris ite hicghest valence is M-tyne, while the
one in whioh it exerts its lowest valence will be P-type (31)."

“aareom (44) quotes ths following:
"By {mpurities we mean alded foreipn atons, physical

Aefests in the lattiece, or 4A41fferences from stoichiomeatrie
comprsitione.. .

‘Yhen a metal noint 18 nlaced amainst an impurity semi-
eomiustor, the sombination has 3 non-linear current versus
voltazse charssteristic and acts as a rectifier. For a P-
tyne samle the currant 1s larpe when the seml-conductor is
male positive and the metal point is negative, tut is small
when these 7Hnlaritias ars revarsed. Tor an F-type sample
the sign of the effesct 18 reversed so that the current is
larze when the semi-conductor is negative."
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Taargin alen nomhines alectrioal resistivity, photo-effect,
131l 87 "act, thermH-affaect, rantification, and thermistor
ef a0t 9f agemi-aomiuctors into one base? on the impurity or
d18tortion »o21int oomaant.

The Tarplar-Tayer Theory.. Jcehottlr (30, 5i) founi that

w181 sunrHus dXxlde 1g formed on copper at high temmeratures
(3a. IMMI™) in the alr, a rasistance ratioc of 1 to 120 or
m3ve {8 2ttainsl at room temperature beiwsen the electronie
rasistanaa Tro1 aomner 49 cunrous oxils versug the electronie
rasiatanza Trom sunrous oxide to conper with hish voltaze; in
2ther worils, slastrons travsel naore realily fron copoer to
sunrous 2xids gt high smplied voltamae. At low voltazes, the
reslstantes -ysra arrroxinately the same for elther direction.
Now in ths frontwsll phinto-a.n.f. osell, the electrons paes
rasiily froa ths aspper to the cuprous oxide anl are nractical-
1y Bloaskedl ia ths revargs dirsction, as in the stove oxide-
gopaer gysten. Tut in the backwall photo-e.m.f. cell as pre-
parel shtove bty “ohdtilry, the nhoto-electrons pass realily in
ths Ionos8ites lirsctinon 4o that of the a®ove conluction eleoc-
trong with hizh voltams; the nhotn-electrone hers paes resiily
from 9x11e to netal t5 glve 3 photonermative elactrods. Schott-
¥y agssunel that in the baskwall nmetal-oxide interface, only
the el399 2 the cubic cuprsus oxide crystals sre inbeided in
the sopper base t95 zive s "reslstance sieve” which he termed
the "barrisr-layer®, This backwall barrier layer suppoeedly
has s high resistance or insulating layer to photo-electrons

32ing in one direstion, from metal to oxide, and thie layer



prevents internsl short-circuiting so that an external current
can be manarated.

Teichnanm (30, 60) extended this barrier-layer contact-
59int tlea by introdusing his fanous "fleld-funnel” concept;
he nropnsed an analosy that nmore noleculed of a sas cen dbe
caused to flow throush the top of a funnel than initially
throuph ite gtem. 9imilarly, the mixed crystal of copper amd
cunrous 2xide form 3 field-funnel; the copper aton acte as
1ts wide mouth allowing electrons to flow throush it readilly
since it 18 a2 matal; the stem of this field-funnel ie the
cuprous 2xide crystal, the nemative electric fields of the
oxXyrzen 128 in the mixed crystsls retarding electron movement
throuzh it., Tha fisld-funnel idea is depicted in Wim. 8,
pate 17,

The barrier-layer theory amd ite fleld-funnel extension
d989 not exnlain the seat of photo-activity and the deperndence
of the nhotomotantisl on light intensity. The theory ettempts
£2 explain the behavior of slectric currents or the flow of
elootrons throuzh the eaopper-cuprous oxide layer but does not
provide for ths nroduetion of photopotentials when no current
is allowel t2 flow, nor doss it explain in a satisfactory
1anner tha baoktwall effect where electrons pass realily fron
oxide t2 sopper to give a photonegative supporting copper
eleotroda., This theory was therefors supersedsd by the follow-
ing Inmlating-Laysr Theory.

The Insulstint-Layer Theory. This theory is spparently
dus t5 Lanze (30) and is based on the work of Rother and TFohmke
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{50). TProm the stulies with large separate crystale of ocup-
rous oxids anl with erystalline layers of cuprous oxilde on
gonner, Tanzgs shoved that the ssnmi-conducting photoproperties
nof these larsgs orystals (the crystal photo-effect) and the
orystalline layers on thae copper surface {(the Becquerel and
barrier-layer photo-sffects) are the same. ™he blocking layer
and its inherent hisgh resistance are not necessary for photo-
activity., This fact attermpts to explain the anomaly mentioned
above that nhoto-electrons in ths bschwall cell flow readily
in the smo28ite Airection to conduction electrone that flow
Aurinz restification, ¢» be discussed further trelow.

"Then s ¢onver surface 1g haasted at 10007C, oxymen from
the air d1€fusea intno the surface to forn cuprous oxlde; the
anmount 2 nsutral sommer stoms remnainineg of course devends on
the Aistancs below the original ecopner surface. At 1000°C the
equilibriun i8 favored toward oﬁprous oxide as follows:

20uy0  + 0, <227 sou0
This results in a backwall cell whose photo-active layer
¢ontains monovalent cuprous 4ons and whose supporting electrode
according to Lange is photonesmative. This 1s represented in
Tig. 6, page 13, where the transliucent electrode may be a
thin metal or a solution. The 1nsu1at1ﬁgnlayar which results
from this treatment is zone 3 in Fim. 9, psge 23, presumably
composed of pure cunrous oxide in which the electrical sondue-
tivity is lowest. 7Zone 4 of this fipure is composed of cup-
rous nxide with many lattice Aistortion points and noseessing

deflolency ¢onduction or vacant-place type of distortion point
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as given in Table I, page 16; this would give a photonegative
supporting sleatrode according to Lange. However, in this
research, a nhotonositive electrode was found with copper elec-
trodes prepared in the bunsen flame. Garrison (13) states

that an initial ochemiocal treatment of copper to form cuprous
oxide over it gave a photopositive electrode while subsequent
chemical traatment produced a photonegative eleotrode. This
will be discussel further below.

If the partial reduction of the surface of a layer of
cuprousg oxide on the supporting copper is performed by quench-
ing the cuprous oxide at 1000°C in mineral oil, formaldehyde,
or other reducing agent, or by a glow discharge, a frontwall
elesctrods results because neutral copper atoms are now present
in zone 4, Pig. 9. The copper atoms freshly formed in this
frontwall slectrode, which contains an interstitisl type of
distortion center to csuse excess conduction, should result in
a photonositive supporting electrode as in Fig. 3 and Pig. 5,
page 13,

The blocking-layer theory explained the ocurrent phenomena
of the oxide-aopper system but neglected the production of the
photopotential on open oircuit. The insulating-layer theory,
on the osther hand, elucidates the open-circuit photopotential
by assuning that the light-ssnsitive elactrode is a photo-
electron ooncentration cell and that the insulating layer
separates two different photo-electron concentrations or forms
8 photon-elsctron/elestron system so that the potential differ-

ence between them can be measured, analogous to pH measurements



25

with the zlass slestrnde. The sxternal current is 2 result

of this 4i1fference in elsctron concentration which diminishes
as ths sell deterioratas. The two electron concentrations

are assumed 4o be brsught about br the insulating layer, zone
3 of Tig. 9, having a lesser number (N;} of photo-electrons
produced by the light dus to a much less number of distortion
centers than that contained in zone 4, which conteine s larger
number (¥5) of nhoto-electrons on irraliation. The resulting
photopotential can be treated as a Maxwell-Roltzmann distrilu-
tion and nut into the form of the Nernst equation for the
ionio coneantrations of two solutions, as follows:

% = (u-v/u+v) - RT/nF - 1nN, /¥, ,
where y and ¥ are the ionioc mobilities of the anion amd cation
respectively. 9ince the mobilities of the electron u and
positive cunrous ion ¥y (assuming a mixed conductor as mentioned
on page 17) ars involved hers, and since the mobility of the
electron is 87 mich grester in orystals than that of the ion,
the above squsation becomes:

% = (RT/7) - 1nN, /M, .
Sarrison (13) and Vanselow and Sheppard (6A) utilize the
difference in sleotron and ion mobilities in orystalline silver
bromide to explain an effact called here the “transient photo-
inductive effect”, to be desoribed and discussed below.
3nglehard (10, 397), mentioned above on page 12, from experi-
mental work caloulated by means o: this equation an open cir-
ouit maximum theoretical photopotential of 183 millivolte
which is a much lower value than Garrison's (13) 300 millivolt
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experimsntal maximum or the 370 millivolt value obtained
experimentally in this research. The larger photopotential
may be due to twd factors: (1) Snzlehard calculated the poten-
tial Aifference betwsen zones 3 and 4 of Fig., 9 as 1llustrated
by the voltmeter and V;; a muoch higher theoretical value would
probably be obtsined between the base copper metal and zone A,
illustrated in ths figure by Y, in order to explain the higher
opnosite-nolarity values obtained in this research, and (2),
the zlass membrane used in this work has a higher resistance
than the insulating layer of zone ¥ thereby allowing a grester
photopotential to be built up aoronss it in the photovoltalce
cell. The use of the glass membrane to separate two Aifferent
elsctron “soncentrations” is similar to that of the inesulating
layer »f zoneg 3 of Tig. 9, and recent research (23) has shown
that this srtifiocial glass barrier-layer may prove advantageoue
in gcertain 4dry rectifiers, some using "bdlue” conductive titanium
d1ioxilde. 5916 »roaising results have bsen obtsined with var-
nigh on seleniux (22, 23) and thin rice paper sandwiched in a
magnesiun/iron axide reoctifier (32). The use of the glase
menbrane in the photovolisic cells studied in this research
will be dissussed further below.

Thua, in the irraliated corystal of cuprous oxide, regard-
less of the srystal size, a certain concentration of photo-
elestrons axists within it which, when electrioally compared
t2 the elsstron gonosntration of another sonductor or semi-
a2ndustor that touches the orystal or is separated from it by
an insulating menlrans, produces a photopotential which may be
used to provide an external ourrent. In this research, thie

photopotential is messured by a vacuum-tube electrometer.



CHAPTHR IV
T PRITINT MODT OF DXDTRININT ATTON

Introduction. In a photochemical change or reactlon,
irrailstion with 1light of cartain wave-lengths has csused the
irradlatel substances ¢o change its chenioal as well as ite
physical propsrtiss. The loss or gain of electrone by irrelia-
tion with lizht, which may bs considered as the prirary effect
obeying photo-electric laws, csuses the chemiocal change which
may bs sonsidered as the secondary photocheniocal effect. 1If
some 1esang ssn be introduced whersdy the electrons can not
leavs the sudbstanos nermanently hut can return when the light
is renovel, the substance can remain stadble indefinitely amd
can then bs utilized to give a consistent and reproducadle
photo-eleastric or photovoltslc affect. Prevention of the
paraanent loss of sleotrons can be done by not allowing a
gurrent to flow from the aell or looslly in the photo-element.
In this part of the researoh, the method used to atudy the
shotovoltalo effest of matals and their oxides and to reduce
surrent flow is to intrnduce s glass menbrane and to psraffin
the light-sensitive slestrods except where it is irraiiated.

A 41fference of potential, the photopotential, is allowed to
fora across ths 3lass memdlrane and this photopotential is
meagured by msans of a vacouum-tube electronmeter, similar to
the ¢onventional glass-slectrods pH assenbly.

The Photovaltaio Cell. The photovoltaloc cell system used
in this ressarsh is shown in detsil in Pig. 10, page 23, The
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inside of the glass menlrane shell or electrode, which 18 the
dark or unirraitstel electrode, usmally contains the conven-
tional J.1 N H31-quinhyirone half-cell for electrical stability.
In the egrly 9xpariments of this research, a bare platinum
wire was jlaosd inatde the giéss alectrode together with the
sane 83lutinon as on the outside but this cause? erratio results.
Ohanging t7 the internal N,1 ¥ A0l-quinhydrone system caused
the elestrometer t» ba nore statle. The necessity of the
4la8s menbrane was rouzhly indicated by the reduction of electro-
mater Arift when o6omared to a metal electrode or calomel half-
cell,

The surface o2f the irrallated electrode was paraffined
wharsever it was immersed in the liquid, except for a emall
arda usually a sjuare 1 onm. on an edge which was laft unparaf-
finyed 8o as to be comletely irradiated by the light., %arri-
son (13) also naraffaned his electrodes, spparently the first
to 4o 85, on the Aark side only. This procedure of paraffin-
ing aidei in giving the maximum photopotential hecauee if the
slectrode, which was only partly irrailiated, were completely
unparaffinei, current nmight flow locally tetwaen the dark and
irralistel aress of the electirode via the senmi-condueting layer,
elastrolyte, »r base metal. Thie local current was to a large
extent rsduceil by the insulating property of the paraffin and
thus most 9f the slectrons affected by ths light could have
the effect of bullding up a potentlial difference across the

2lags menlrane as shown in Fig 10. The necessity of the paraf-

fin ooating was simly shown by the following experiment:
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A cuprous oxide layer was formed on a 1 by 3 inch strip
of 0.703 ineh thick eleotrolytic sheet copper (used through-
sut this resasrsh) by heating in a bunsen flame, Irrsiiat-
ing the ocuprous oxide layer with a cylindrical light beanm
1 em. in 413natar ~ave an avsrasge photonositive value of 8
units nn the malvanometer sosle. After coating with paraf-
fin exasHt £or 3 squars araa of 1 cm. on an edge and using
ths same 1izht baam, an averame photopotential of 62 posi-
tivs gnlta we8 nbtainsd - sn incresse of spproximately 8-
fnld .

The Flsotrometer g;roult. Pirg. 11, page 31, shows the
complete slactrical circult of the apparatus used in this part
of the regesrsh., The electrometer oirouit is an improved a.c.
voltmater developed by Bu™ridpe and Rrown (9) and has also
been usel with nhotovoltales sells by Clark and Zarrett (7)
and others (41). Although Muller, Garnan, and Droz (A1)
p2int out thatthis circuit has a high input resistance and
therefors ig not sultadle for barriagr-layer cells due to their
low resistands, the glass menlrane increases the resistance of
the nhotovoltaie eell in this ressarch so as to be suitadle
for this cirocuit; Aistilled water and the orpganic solvente for
the fluorescent suhstances in Part I also render this circuit
suitable. The electrometer ssotion was mounted in a closed
netal boX as a shield whioch slso contalned a 500 nl. beaker
half-filled with snhydrous lump caloiunm chloride ns a dehyd-
rant. Thes ootrol-grid lead emerred from the metal Yox through
a1 large malded and lathe-turned sulfur insulator. The calitra-
tion surve of this vacuum-tude electroneter ls shown in Pig.
17, page 32, whieh indicstes s nmaximum gensitivity of 1.1 x
10-% volt ner nm. Aivision with a slight deviation at the

higher zalvanomater rasiings,
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The Light-Sourgs and Other Parameters. The light-source
uged throuzhomt thls ressarch wss the Ceneral EBlectric 100
watt Type H-A slear-glsss meroury vapor lamp (14) fixed st a
dietancs o2f "Sam. from the cubical optical cell, as inflcated
in Piga. 19 and 13, This lamp was energized Ty a special
auxiliary transforaer which was connected to the a.c. nains.
Ko affort was nmais for nbtaining a constant 1ight free from
variations bacause thegs studies were nale qualitatively at
firat in order to» dsternine 1if a photo-element could Ye pre-
9arad'asnsitivo t5 fluorescent Iight.‘ Reference (14) and
Blochar andl Zerrett (4) give the relative spectral cohtant of
the 1light from this lap. Also, no glass filters were used
bessuss the longer wsve-lengths of light which could retard
photo-electric enission in the light-sensitive layer or quench
the fluorescsnas of the substances studied 4in Part II are not
pregent to any detrinental depgree as compared with the shorter
fluorssesencs-sxciting wave-langthe of light which are present
in the mercury are. UWltra-violet glass filters were used only
when it was nesessary to see the fluorescence with the eye.
The work described in Part IT with fluorescent solutions also
shows that filters ware not needed for the electrical measure-
ments ani, in fact, they ususlly diminished the fluorc-photo-
»otential to a low value as comparad with no filters. Voltege
rezulation for the light source for the work of Part Il was
therefors not necessary.

The light source amd photovoltalo cell system were mounted

in a box similar to that desscridbed by lLevin {33) and shown in
Fig. 13, paze 32.
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CHAPTYR ¥

T OYOPATOLT AT WTHAYIOR OF COPDER

Frashly olsaned copner in distilled water displeyed no
photr-activity; if sllowel t0 remain in the distilled water
for a few hours, a slight photonegative effect resulted due
to some chamical astivity. 4 strip of slectrolytic sheet
eopner 1 by 3 inohes and 0.008 inch thick {(this thickness
usel tharouzhout this work) was cleaned and polished with steel
wd21l, carsfully wined to remove any adheréng iron, and heated
in a tunsean flame at a glowving temperature of aspproximately
300°%C for about 1 minute. After allowingm to cool to room
temerature, the 1oose blsck ocupric oxide was blown or light-
ly wined away exnosing the tenacious red cuproue oxide layer
unierneath. This red layer was coated with paraffin except
for a sjusrae area of 1 ¢m. on an adpe and the elsotrode was
izmerged in distilled water; a photopositive value of 20 milli-
volts was thus obtained. 'fhen the copper was heated so as to
pravent zlowing and allowed to blacken to the cuprie oxide
eénlor, a photonositive value of 750 millivolte wae obtalned
in 4ist11lel water. The photonositive valuea indicate that
photn-eleatronsg are moving from the supnorting copper elect-
rode into the oxide and toward the liquid medium and light.
A1thouzh Lange (30) indicates that copper which he prepared by
heating In alr yielded a photonegative effect as a dry photo-
elemant, those nrepsred similarly in this research and by 3old-
mann and PBraisky (19) ylelded a photopositive effect.
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Then distilled water was used as the liquid medium with
the cuprnus nxids photo-slement, a higher positive photopoten-
tial was obtained than vhen a salt soldtion was used.

Fhen freshly clesned copper strips were placed in distil-
led water and irrsiiated for an hour, a varicolorsd layer of
gusrous oxide snpeared which ylelded a nesstive photopotentlal
of approximately 3 millivolts, an effect opposite to that ob-
tained by heating ocoppsr in ailr. Immersion of freshly cleaned
8apmer strins for 4 days in 0.1 N ¥Cl yielded a photosensitive
surface whoss averame narstive photopotential was 150 milli-
vnlts after the ssnsitive surface was carefully washed with
A18tillel wvater, dried in the air, and paraffined except for a
fuars o1, , usinz distilled water as the liquid medium with
the zlass eleotrads as in Fig. 10, pase 23, 0.1 N ¥C1l ae the
11quid msdiun of the photovoltale cell vielded a ruch lower
photopotantial 2f approximately 40 millivolts necative with a
nesuliar trangisnt phnto-inductive effect to be descridel be-
low., ©Solutions »f several other substances were tested for
forming a photosengitive surface on copper; these solutione
wers testel by lmmersing oopper strips in them at hour inter-
vals anl overnight snd irrsdiasting then; these solutione were
of hydrozen peroxides, nitric acid, nitric acid-hydrosgen per-

nXiie mixturs, ocupric ehlorldov. cupric nitrate, cupriec sulfats,

Viarrison {13) used slightly soludble cuprous chloride
golutiona folloyed by a slow hydrolyeis in water to form
ouprous 2xids laysrs. By varying the tinme of treatment, thin
layers were phntonnsitive ass obtained with the flame in alr
and thiek laysrs wers found photonegative contrary to %oldmann
and Proigky (19) who ononeluied from their photo-eleotric
theory that ouprous nxide layers in any thickness were alwayse
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ammoniun parehlorats, sm smmoniun persulfate, Of these
substances, cunrle ditnate formed the nost photeseneltive
layer on the surfsase »f the imnmersed strip of copper; sn over-
night {mmersion in N.1 ¥ aqgueous cupric nitrate solution
yielled 3 nszative photopotential of 270 millivoltse, the high-
a8t »hntomotential, rexardless of polarity, obteined in thie
sart of the resssrch on metals. Longer immersione reduced
the »hotonotentisl due to thicker precipitating layers. How-
ever, raconsiderinz the primary abjaot of this ressarch, this
renarkable nhotosensitive surfsce proved to be not et all
ssnsitive to the fluorescent light of such substancee es sodium
flusrescein dissolved in water when the flat-photo-element was
placed nsrglliel to the light beam =0 as to be illumined only
by the wesk flusoraessent light and not by the stronger light
froa the merocury are.

9ince the abovs sensitizing method appeared simple and
soanswhat promising, it was studied further. An attempt to
prejpare photosensitive surfaoea'by electrolysis with the in-
tended copper photo-element as anole and with solutione of
various sslts at different pH valusse as the electrolyte 414
not produce nhotosensitive surfaces. Also, an attempt to form
a light-sensitive electrode by the electrophoretic deposition
of euprous oxide, suspended in water, on copper and platinum
did not prove successful, though the suspenied perticle pos-

298861 a nexzstive charpge.

dhotopositive when prenared in a flame in alr. Thie type of
disorepansy is ths basie of the present argument between the
photochenical snd photo-slesctric alhersntes.
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The affgst Hf the varistion of the lirht-exnnsed cuprous
nXids srea om the Hhntointential using A1etilled water =nd the
glass sleotrsle ag in Tim, 1N, vaze 73, vith no filters was
gtuliedl anl is summarizsd in Tadble IT; this not only shows the
imnrtange 2f the maraffin coating but also points out another

fact 27 thaoratissl significance to be discuseed in Chapter VII,

TARLT IX

TARTATION OF PHOTODOTENTI AL,
WITH TXPNSTIN TRRANTATTD ARY A

Traastuent Area irrstiated Averame nositive
of nrenared and unparaffined photopotential in
alentroise nillivolte
Yot 2 o, dianeter 17
naraffined irraiiated
1 cm. Algmeter 10
irradiated
A.5 on. dis. x
| irradiated
Taraffined A 89, em, )
1 3. om. 83
N.75 sq. an. 105
0.01 sq. om. 60

Fhen an arsa »f 1 aq. om. on copper strives 5 ty 4 cm.,
which have resaainsd exposed to the alr for a year, wae freehly
cleanei with stsesel wonl, wiped with a clean cloth to remove
glhering irom, a1 immersed in a 0.1 ¥ potassium chloride
82lution containing phennlphthalein (to be desicnated as the
X%1-phsanlphthalein solution), the solution turned red in the
Asrk st ths freshly clesned surface. The sane effect was also
obtained whsn g similsr but completely cle=ned copper strip
was hostel in 3 colorless munsen flame to form cuproue oxide

overall, anl s snall ares cleaned and polished so as to form
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a copper area of about 1 8q. om.; the red test also appeared

at this frashly clesmsd copner area. This action revesals

that an slestrolysis »f the water is taking place in theldark
at ths cleansl copper surface which acts as a cathode. Thcy
?henalphthalein bscomes red at this surface due to the hydroxyl
ion which is 1aft behind when the hydrogen lon is discharged

by an alachron‘aécording to ths following protable reactions:

u® out + electron

M) -4 2 elsctrons ———— 20HT 4-H,

or 2 8% 4 2 electrons —=H,

wt 4 617 —=cuc1) .
The 692pper is oxidized to the cuprous ion which reacts with
tha chloride 1om nresent to form insocludble cuprous chloride on
the surfice of the clesned copper srea; a chenmical test dis-
¢loged the shloride, If no chloride ion hal been present,
insoluble cuprous or cupric hydroxide would proﬁably have bsen
formel just as in the immersion of e¢lean copper in aqueous
cupric nitrate as deseribed on nage 35.

Then the psrtially-cleaned copper strips irmersed in the
¥71-nhenolphthalein solution were irraliated by nesne of the
marcury-vapor lam, s definite reverse effect was ohtained,
the red nhennlphthsglein color appeared at the cuprous oxide
surface. In fact, it was nossible to ad just the intensity of
ths light by varyinzg the distance between test-tube snd lamp
80 that no red test was obtained from either the cleaned copper
or cuprous oxide surface; this delicate point of balance hae

theorstical siznificance and may be determined precisely by
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means »? a sensitive malvanoneter placed hetween two separate
elsctrnodas in the same V71 solution, no phenolphthalein being
requirel; e slgotynis is covered with cuprous oxide and the
nthsr i3 slaanedl eonner, hoth properly insulated with paraffin
snl facing the variable light intensity. The light rmust be of
the proper wavs-length to eject photo-electrons fronm cuprous
oxidls g9 that the red phenolphthalein color oan occur in the

golution at this gurfase ascording to the following probable

resstions:

+ 0V gt + elactron

fu

My0 + 2 electrons —=20HT 4 H,

or 1t 4 0 elacirons ——1,

st oy~ ——fﬂu(()ﬁ)?l .
fupris nydroxide beaing insoluble unlike cupric chloride precip-
itsteas on the cuprous oxide surface. I"ron the atove, it might
apnear that a standard of light intensity ocould be set up at
the balance point in the copper-cuprous-cupric syntem, tut
whether this gystem per ge is sulta®le as a light standard or
whether the thickness of the cuprous oxide layer determinee
the aritisal light intensity must be consldered, It ceenms
that ths thickness of the cuprous oxide laver would be a con-~
trolling factor 1f photn-electrons were ejected from the photo-
positive metsl-nxide interfsce tut mo further teste were male
to verify this. A discussion will %e riven in Chepter VII.
""hatobalansinzg® stulies were not male with copper photo-ele-
ments presared in cunriec nitrate solution as descrited adbove,
gince thilsg wouldi have taken the research too far anise from

the prinary object.
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ne sther effast h13s been obiained in this work with
smmaer. This sffact, hare ¢alled the “tranatent pheoto-indue-
tive affa0t” anl mantiomed on name 35, has heen noticed bty
Many vIrkers warting with sther metels Yesides copper. Tts
exnlanati’m has baen given by others (A, 1%, 23, 6%, €4) as
one whish 2scurs within the light-sensitive layer. Thie
transiant photo-iniﬁative affaotfwas obtained when s photo-
n28itive susrrous axida-aovarad sleatrols pregﬁrediin tha flame
vas 1mtersed in a diluts ¥01 solu;‘lar{ as de‘ag:rlbq& on nage 35;
immediately 91 irrsdistion, the nhotopotential fTirst assumed
a negstive valus anl then a larger positi#e value. This is
11lustrated in iz, 14, naxs A), DNistilled water 414 not
yisld this transisnt effest Tut other sgalts rasides sotassium
ghlorids 414, 1micsting thst the effect is dus to the nature
2f ths 11quid nedfum and not to the cunrous oxide layer.

Other matgls stulisl for nhotn-astivity were iron, zine,
Baza98iun, vl tin, and ths rasults of these atudles are

trisfly dessribetl in the fo9llowing chapter.
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CHAPTER VI
THT PHOTO-ACTIVITY OF VARIOUS MATALS

Iron., This metal was studled becsuse it has two oxides.
The bars nstal el no photo-activity when studied in distilled
water as in Tiz. 10, paze 29. ‘When allowed to remain in the
d18tilled water, the metal slowly becane photonesative as with
copper, anl the ivon surfsce showed the brownish tinge of rust.
Then a ¢lean 1iron strip wss covered with paraffin on both
gides exoept for an srsa of 1 sq. on. on both sides, immersed
in distilled water, snd one side irradiasted, the irraiiated
side becsts attasksd and the water quiockly became yellow-
colorel; no chemical sstion appeared on the dark side except
for the foraatinsn of hydrogen budbles. Thies indicates that
the eleatronis flow in ths metal 1s away from the light. The
very rapid developnent of the yellow ocolor of the liquid 1is
due %2 the formation of ocollnidal ferric hydroxide whioch,
singe it forms a positive collold, is repelled away from the
po2eitive irraiisted surface perhaps as soon as formed.

ith ginilaer iron electrodes immereed in CO.1 W KCl, an
oppo28ites sffect to the above resulted on irradiastion, no
chemniosl sotion ooouring this time on the irraiiasted surface
but on the dark side. The solution here also developed the
yellow ocolor quickly. The electronic flow in the metal is
towards the light in this case, and this was verified with
phenslphthalsin turming red only at the irraliated bare sur-
face. Howsver, these surfsces displayed only small photopoten-
tisls.
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Iron strips which had bsen heated in air to form Ylack
farrous oxide yielded a poor photo-effect. Also, a clean iron
atrip immersedl in ferric chloride solution displayed only a
8lizht photopositive effect in distilled water, loose black
ferrous oxide having apparently been formed during the immer-
gion in the ferric chloridse solution; lmmersion in ferric
nitrate s>lution formed loose ferriec oxide which also showed
a very slizht phntopositive effect when tested in distilled
water,

The effect of ions in reversing the direction of electronioc
flow in the metal during irraiiation also pointe to the nature
of the 1iquid medium as the csmuse of the transient photo-
inductive effect, as mentioned on page 40.

9ince iron amd its water-insoluble oxides 41d not indie-
ate any significant sensitivity to light photopotentiometrically,
they wers not studied further in this research. However, it
may be interaesting t» point out here the photochemical reduc-
tion of ferric ion t» ferrous ion as in the blue-printing
proceys which utilizes potassium ferricyanide to form insolutle
Prussian blus. It is known {(12) that ferric ealte of strong
acids as sulfuric and hydrochloric are not reduced by light
while ferric salis of weak acids, usually organic acids such
as oXallo, oitric, and lactic, in solution are reduced to
ferrous salts, This blue-nrint reaction has not been used as
an sactinometer as, for example, s soclution of uranyl esulfate
or merouris chloride {15) together with oxalic acid to measure

the intensity of light, carbon monoxide and dioxide being
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liberatel and their combined volumes quantitatively messured
a8 an indsx 57 the lisght intensity. Similarly, in the blue-
»rint reastion, when the phnto-electron is liderated within
the Ary »rzanic salt, the ormanic light-sensitive radical may
e oxidizel to a zasaous or inert product and the ferric ion
now low in ths a.n,. . series cantures the loosened photo-
g8lectron. This discussion has been included here to indicate
that in ordsr that the ferric-orsasnic radical donmd dbe light-
sensitive, 1t mist te leass electrorvalent than in the inorganie
ferris oxids typa of bonmd.

Zins., 7Zinc metal was found to be not photopotentially
active. 7%ina oxide on zino taken from stock showed 2 small
photonegative effest in Aistilled water of ahbout 10 millivolts.
Since the sins oxide had 3 vary high electrical resistance, a
ocleaned zinc sleatrods was used insteal of the glass electrole
of ™iz. 1N, naze 29. In the Vfl-phenolphthalein solution,
2ine behavel 1like copper and iron, the electrone in the metal
flowing towardg the light and the red test showing at the
irradiatel surface, indicating the initial formation of a
photopoeitive electrode. No further studiles were male with
zinc due t2 its small nhotopotentiale.

Tin. 7Tin metal yislded indefinite resulte when freshly
cleaned anl when allowed o remain in distilled water for
several hours., 9ome photo-aotivity was noted by paraffining
the tin exsepnt for a small asrea on both eides, immersing in
the ¥351-phenolnhthalein solution, and irraliating for 6 hours;
the irrsliasted side smeared unattaoked but definite elgns of
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chemical attack appeared on the dark side. This indicates
the electron flow in the metal to bs toward the light tending
to render the msial photopositive. The effect was slight and
could not be verified by photopotential measurement. Since
tin A1enlayed such slight results, it was not studied further.

Magnesium. Magnesium showed no photo-activity due to its
ohemical aotivity in water. However, using a piece of magne-
sium ridbbon about 20 om. long, completely paraffined except
for two 2.04 8q. om. areas about 10 om. apart, and colled @0
as to obtain sn irraiiasted and a dark ares, 1t was dipped into
the irraiiated XCl-phenolphthalein solution; the irrasiiated
area formed hydrsazen budbles sooner than the dark area during
the first few moments of immersion indicating that light does
seen t» have some offest in csusing electrons in the metal to
flow toward it, just as in the oases of the above metale.

The photos-astivity was found to be very small for magnesium
and therefors was not studied further.

The expserimentsl work outlined in this chapter may be
sumnarized ss follows: (1) all the metals studied here
dieplayed no photo-aotivity when freshly cleaned, (2) electrons
in the metal flowed towards the light on irradiation in salt
solution thersby yislding a photopositive electrode, and (3)
eleotrons in the metal on irradiation may tend to flow away
from the 1lizht in 4Aistilled water.



CHAPTYR VII
A THIDRITIC AL DIACUISION OF THT PHOTOVOLT AIC BFFECT
TITH WITALS AND THZIR COMPOUNDD

Thie shanter, which concludes the work of this first nart
with metaels, summarizes snd discusses the resulte of the
astusl ¥ork of ths nraevious chapters and also mentione other
related resgarsh, 4n attempt has heen made here to clarify
disarenansies whish have been indicated in the previous pages.

The first smyparent discrepancy, nmentioned on page 24, is
that nhnts-alsusnts prepared sccording to the litersture bty
hesting 49799y in g flamse in order to produce a cunroue oxide
geni-coniucting lsyer ware photonegstive as indicated in Fig.
6, naze 13, wharaas those prepared similsrly in this research
wers photopositiva. The naln difference Yetween the Ary con-
vantional photr-e.m.f. cell and the wet photovolteic cell used
in this rasgaarch 18 the high resistance of the glees electrode
or 4iat11led watsr or solution of the photovoltalc cell; the
internal slestrical resistance between the two electroles of
the Ary »hoto-9.m. ¥, cell 13 ruch smaller than that of the
photsvolisis 2911 used here. That there should actuslly be a
chanze »f polarity in the copner photo-element Aue to the
nhotovrltsls caell reslistance would be 4ifficult to understamd,
althouzh the pressnce 9f iona which markedly lowere the
resistange of the liquid mediunm produced a smaller photoposi-
tive potantial than with distilled water and also caused the

nezative transisnt nAoto-inductive dip. From an electronic
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sonsideration, s nhotonsmgative elsctrode simply indicates
that nhoto-slestrons are flowing towards the base metal under
the influence o»f light, while conversely for photopositive
8leotroiegs nhoto-electrons are going away from the base metal.
The photopositive eopner electrodes obtained in this research
alsno inlizate that elactrons are moving away from the base
matal towards thse liquid and this was verified by the ¥C1l-
phenalphthalein solution on parme 38. The photopoeitive copper
alectrodes »f this resesrch seem to reveal that an excess of
oxysen atoms is present on the surface of the oxide facineg the
1iquid 3s a result of the heating in air, thus causing photo-
elsstronas in the semi-conducting layer to move towsrds these
exceds oxyzsn atoms and sway from the base metal according to
the theory on paze 19 and Fig., 9, pasge 23. In fact, when a
copper strin was heated carefully to form a tenacious black
layer of ocupric sxide, a larger positive photopotential wase
obtained in g9alt solution than with a red cuprous oxide layer;
this result may be explasined by assuming that a greater excess
of sntrapned atomic oxygen is pressnt in the black M-type
cupric oxide laysr which may contailn cuprous oxide than in the
red parhaps P-type cuprous oxide layver, oconsidering paragraph
A, pnaze 19.

With the photnnemative copper elements prepared by immer-
slon 1n oupriec nitrate solution, a larer of crystalline ocuprie
hydrnxide insteal »f cuprous oxide is nresent over the copper
base mstal. A larme excess of oxymen atoms is not present in

this cupric hyiroxide layer so that photo-electrons released
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within this N-typs semi-conducting layer can mnove freely
towards the bass metsl reniaerinm it photonesative. It is
nrobable that an sxeess of cuprous ions is present in thie
csupric hyiraxids layer due to incomplete oxidation to the
cupric ion by the nitrats ion. Iron may behave similarly as
iniicatel o psaze 43, The excess of cuprous ione may form

ths distortion centers within the cupric hydroxide semi-con-
dusting layer. The surfass of the washed and dried photosen-
8ltive oupric hyiroxide layer appeared opalescent and nacreous
t2 the 9ye, anl at ocertsin angles to incident white light
polarized the lizht, indiocating an orientation of crystal
faces., Farrison (13) stated, as in the footnote of page 35,
that ooppsr strips immersed for the first time in a solution
of cuprousg shloride and afterwards hydrolyzed to form red
cuprous oxids were first photopositive and subsequent treat-
mants formei photonexative elsctrodes. The first immersion
may have oocludsd or adsorbed excees atomic oxyzen from the
golution sufficisntly to form the photopositive electrode,
while further inmersion produced guprous oxide orystals which
oould move the aisorbed atomic oxygen layer further away from
the base metsl during formation and trap copper atoms to pro-
duce sn N-type seni-conduotor whose photo-electrons could then
influenos the bass metal negatively by oontaot. Thus, 1t
appaars that an N-type sanml-conductor as cupric oxide can form
a photopositive slectrods by possessing cuprous oxide and
oxyzen atoms at or near the liquid-oxide interface, while

cupris hyiroxide, salso sn N-type seni-conductor prepared



49
chemically here, forams a photonegative eleotrode by containing
axcaess susrous iosns. Cuprous oxide crystals form a photoposi-
tive slactrade with sxcess oxymsen atomes at the liquid-oxide
interfacs, perheps 39 in the substitution type of page 12,
anl 1 phntonazgstive alectrode with excese copper atome as
intimnatal ty Lanze (30), vage 14,

From the pravious chapter, when an irrsdisted metal was
first immersedl in an electrolyte, electrons gppesred to go
towards the lizht; the dar: side therefore hecame chemically
attacked and the metsl should Ye photopositive. This initiel
action may be due to the Hallwachs photo-electric sffect (46,
53). As time proceeds, the positive photopotential of the
electrods may sither become more nronounced or may change to
bsinzg photonszative ags it 41d for copper because a slisht
amount of cuprous oxids which nay be formed by locsl action
on the irralistel side of the metal is now 2z semi-conductor
with eXxcess conner atons, This effact was shown with the XCl-
phenolphthalein solution mentioned on pare 38.

Another apparent dlscrepancy is that frontwall and back-
wall 091lls are 3 »esult of the two separate copper-oxidation
reactiong xgiven on name 15 and that each has its o'm respective
onptimun sxoltation wava-lenmth as mentionad on name 15. Yet
from a 99nsidsration 5f the ahove paramraphs, these two sepa-
rats wavs-langths may be required by (1) photo-electrons
releassl by tha presancs of the excess oxymen atonms trappel at
or near the gurface of tha alr-heatad photopositive electrode

anl (?) pasto-alestrons within the sani~conducting cuprous
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oxide laysr released as in the orystsl photo-effect mentioned
on page 15 dus to the excess copper atoms. The work described
on pazes 37 and 33 with the XCl-phenolphthalein solution indi-
cates that the oxidation of cuprous lon to the cupric form
tnook pRace as 3 ssconlary reaction only during irradiation
anl not in darknass where the copper metal wae electrochemical-
ly »xidizsd t2 ths cuprous form by the salt solution. The
reduction 2f the surface of a cuprous oxide layer by methodse
1ndicstgd M Dage 2?4 with the intention of reversing the
pastopotantial nmay not omly have reiduced cuprous ions to
39p79r atoas but may also have removed or reduced excess
oXyien atoms to yisld a photonemative electrole ae if 1t were
prenarel bty iamsrsion. It synears that a lonzer wave-length
of 1lizht 18 r9quirel to release the internal electrons in the
ganl-simiuctir laysr whioh always produces a photonegative
effant Just as hast 1s required to decolorize allall-halide
8alts aftar they ars honmtarded with electrons; these wave-
lsngths ars longser than thoss whioh produce a maximum positive
photopotantial on aelsctrades where an excess of oxyzen atoms
18 pressnt on the surfacs dus to the heating in alr. The red
821or 3f the cuprous axide does not seem to detarnmine this
longsr optimum wave-lensth as pointed out by Lanze (30), page
15. Alsn, sosording to Lange's theory, cupric hyiroxide
s1ould not prolucs 3 photo-affact since the copper is alresdy
in its hizhest valent state, yet the thaeory on paze 19 implies
that a 28tal in the highest valent form sould produce a photo-

voltale affast or at lesst act as a seni-conductor. The fact
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that a cunrousg 2xide photo-alement deteriorates to cupric
oxide as the nhotn-slement 18 irradiated indicates that oxygen
atomd may have hasn orimginally prasent to react with the
sumroue oxide and that the resulting cupric oxide ia much less
nphaotn-qative than cuprous oxide. It annears, therefore, that
as lont as thares arg excess cuprous ions or even coppoer atoms
in cumriz 2xide or hydroxide, a mood photonotential can be
obtained as indicated on pages 36 and A47. It 18 also probable
that the 1light mist nenetrate through the outer layer of cuprie
hylroxide 49 reach cuprous ions close to the sunportinz copper
basgs; nhotn-slactrons givean up by the cuprous ions and its
environasnt render the mother conper hase nermative. In any
gvent, connar atomg or cunrous ions as distortion centers do
8091 to be raquired for photo-activity in asreement with Lange's
theaosry, anl therafore tn nroduce s photopotential, an oxida-
tion of copner or cuprous ion must occur. %With 4ifferent
nmetals anl nome-matels, nhoto-oxidation or even photo-reduction
may 290ur Aeneandinyg "n their different valence states and
thelr »osition in the e.n.f. series.

Ag for rectificsation, Teichnann's field-funnel theory
(30, 62), nage 7”1, seems sufficient for it appears that a very
caraful ~xidation »f the copner to cuprous oxide with the aid
of a protecting £iln of cunric oxide which can easily be re-
movel after sooling (Cun is trielinie unlike Cu snd Cus0, Figs,
? and 9) must be performed in order that conduotion electrons
san flow fron copper tn oxide rezardless of the thicknesa of

the oxide laysr; the thicker the layer, the higher the resis-



tance as well ss the Irsaviown potential of the rectifier.
OXyzan atoms which can form distortion centere in theee recti-
fying systems are nrobsbly not as alundsnt as in the above
rouzhly-hsatedl shotonositive elements; these atoms mey also

te hizhly orisntel duas to the very careful manner of preparas-
tion whieh 18 required for then.

Returning to Table II, naxe 37, the decrease in the poeil-
tive photonotentisl with Aecresasa in irrsiiated srea for the
air-hsated cuprous oxide surfaces which were not paraffined
indicstes that nhoto-electrons ars at the liquid-oxide inter-
facs and that s ghort-circuiting effect retween the irrasdiated
anl dark arsas of the sane electrode can exist within the
0Xx1lde laysr. By parsffin coating, ruch larger photorotentiale
were ottained whioch inoreassd as the unwaered irrsdiasted area
was decregsgsd. This increase in the positive photopotential
with desrseass in unvsxed irrsdiated srea occurred until a
critical sres was reached balow which the photopotential began
to decrsase, as indicated in Table ITI. This effect seeme to
indicats that as the irrailated area is 2eoreased ty paraffin,
le8s slecirong can move randomly within the cuproue oxide
laysr but more sleatrons can approasch the liquid-oxide inter-
faze, or ths ratio of the number of internal to surface elec-
trong dscresses with a deorease in area to yield a larger
Phdtopotential 4down to0 a oritiosl area. However, with photo-
nezgative surfaces preparsed by immersing clean copper stripe in
81 aquenus sdlutiosn of 2,1 ¥ cunric nitrate, the negative

photonstential only dscressed as the irrallsted unwaxed areas
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dscrsgsed unliks the sﬁove‘result with the pﬁotOpoaitive elec-
trole, This iniicates that for the nhotonesative electrode,
the HMotonotantial 18 bainm osroduced at the oxide-metal inter-
fage andl not 9t the liquid-nxide interface, thereby producing
the nezative notential., Tt therefnre apnesrs from Table IIX
that photo-slements prenared by heating the copper strip in s
Pungen flaae arg photonositive, contrary to the literature,
becsuge photo-sleoctrons gre present at or near the liquid-
2Xide interface as indiscsted in Pip., 9, pame 73; photo-elemente
areparsl chanmisnglly by immersion are photonerstive due to the
photn-elestrons being present at the oxide-metal interface.
The mimber 2f electrons which become photo-electrons in
a gseni-coniustyr is very small as compared to the totel number
of electronsg which are avsilable as photo-electrons. As indi-
cateal om pozes 1?2 sl 25, Inclshard (10, 30) calculate? that
the munber »f trasned soppsr atoma canable of literatine an
electron for 3 certain ssmile of cuprous oxide heated in a
vasuum vas 2.1 x 1017 per cc, while for cuprous oxide heated
in oxyzsn, 230 x 1N'7 ner ac. Using the ratio of these in the
equetion on nage 75, he nbtained 193 millivolts at 1777 sg the
spen girouit voltaze, 9imilarly in therniontic enigsion (34,
A7), 1t W1as besn scalaulated that at about 3000°C only one
elactron out of every 100,000 has enoush enersy to escape from
tungaten matal and it 19 therefore apnarent that practically
n2 effect is asde on the snneentration of electrons in the
metel. In fact, tungsten metal would require s theoretical

temperature of about 53,00N°C to remove all of its electrons
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anl the metal would be transnarent if it were possidble to
exist as g matal without its "free electron gas” at thet
temeraturs (15)) Thus, in photo-seni-oonducting elements a
gimilar ~hendmenom exists. A cunrous oxide rectifier lasta
in1afinitely due tn elestrons alone helnr sffacted while a
eomner sulfide »sstifisr which msy contaln copper ione in both
valant forme ayantusllr demenarates bhecause of ionie migration.
A cunrous 2xida nhntn-alement in a photovoltalc cell eventuslly
daterioratss m asacunt nf sscondary chanloal effectsn. Tt may
ba thenrstizally nnsaihle tn construct a cuprous oxide nhnto-
elamant whinh will last indefinitely, as some Ary selenium-on-
iron nhoto-a,n, ¢, 09lls dn, 1f electrons can be motivated
without sseimilary chemiocal and ionic effects.

Nuring the experimental work, pure red cunrous oxide was
hested in 3 7lass tubs which was sealed to prevent oxidation
by 2Xyzen of ths air. '™ile hot, the cuprour oxide assumed a
blask supriz oxide colnr but when cold its color was azain
red; this astion was reversidle., ™Then 2 copper strip was
hegted in a flame in srder to form cuprous and cupric oxide
unon 1t, and nowisred anft rlass wasg sprinkled upon these hot
oxidss 3llowinz the molten mlass to dissolve some of theee
oxides, as the resultins fused thin glass layer cooled, the
oxide surfass arsiuelly shanwad from the cupric oxide black
¢olnr t9 ths red ocuprous oxide color. ~rsiual heating =l
870ling of this strin cosused the slow reversidble changer in
651or betwsen blask when hot and red when cold. 0Oxyren of the
alr was axolude! by the mlass layer., Red ferric oxide when
fused into 8oft zlase became reversidbly black when hot and red

when 6914, Thess results indlcate a correlation in erystalline
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comyoundis betwasn photo and thermal phenonena, which ie etrik-
ingly shown by the follawing experiment:

Than the above plass-covered oxide-copper strip which
Aisplaysi the color changes with temperature variations
wag paraffined snd stulled as in "ig, 10, page °8, a
surmriging »asitive nhotopotential of 25 millivolts was
abtained in 11istilled water.

Thls ¢onpsr Hotn-elanent deterinrated and mradually darkened
on ¢ontinued irraiiation indicating irrevernitle chenical
chgnzgs in the gani-eonducting layer. From thege orservations,
it anpears that 3 light-sensitive seni-conductor may produce
1ts phntopotential not only by ite contained~dletortion cen-
ters but slsd by an elactronic shift caused by the light in
the ionie unitse of the seml-ernductor crystal plasnma.

The flnal attemt to detect fluorescent light ty means
of tﬁase agnsitizsd photopnsitive snd photonegative electrodes
41d not prove successful. The very lest attompt was nade by
“invertinz® the phatovoltale cell of Tip, 10, pame 29, into
that shown in Miz., 15, pamge Al: this change would have c¢limi-
natsi the poegibls interfersnce of sslts in the electrolyte
on the lizht-esnsitive slscirods, tut very little sensitivity
to fluoressent lisght was obtained by this device., This part

of ths resssgrch wvith metals was therefore abanloned anl the

gtuly of the fluoro-photovoltale effect entered upon.
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PART II
STUDINS ON THY PHOTOVOLT AIC BFFECT
WITH FLUORIICENT SOLUTIONS

CHAPTYR VIII
INTRODUCTION

The nrimary object hare was to develop a sensitive nethod
of detecting the presence and estimating the concentration of
a flusressing sudbstsncs in solution utilizing the "fluoro-
photovoltale effect”. This object was msccomplished with more
ooncentrated solutions tut not with the "trace” concentrations
used by Taite (69, T0). This may indicate a diesadvantege of
the fluosro-photovoltalce msthod but further studiee and more
experisnsce with this "fluoro-photopotential” method may yield
a very »resise and ssnsitive means of quantitatively determin-
ing the sonssntration of a fluorescent or related substance in
8olution, perhans as = supplement to the photo-elsctric cell
which is suitable for the wesker concentratione.

It was nmentioned in Part I that this work has produced
poor light-ssnsitivs senmi-sonductor electrodes for detecting
weak fluorescent lizht but that the most promising results
have been obtained with the "fluoro-photovoltalo” effect of
fluorssssnt solutions. “ery little has been done by others
using this principle as compared to the use of light-geneitive
senl-conductors which have hal great popularity especially
anong physieists. 41lso, little theoretical consideration has

foraerly besn ziven to the "fluoro-photovoltale"” cell whose
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internal phatapotantial is produced solely by the fluorescent
golution. For this reason, the theory developed in this part
on the "flusro-photovoltsic” effect has been proposed with the
hope that it w¥ill be favoradly scaepted as a new principle of
molacular bshavisr under the influence of light.

The terms "fluoro-photovoltaic” and "fluoro-photopotential”
ars annlied here not only to fluorescent orgsnic substances
which nroduce 3 photopotential in solution btut also to non-
fluoressent organic substances in solution. Perhaps a better
tera that would enbrsce the photovoltaloc effectes ceused by
fluoressent and non-fluorescent organic substances in solution
would be "organs-photovoltaic” or “"organo-photopotential”
since this photo-effect 18 csused primarily by the organic
s8olute and not by the electrods as in the previous part.
Neverthsless, esven though this research indicates that certain
non-fluorescent organic compounds oan produce a photopotential
a8 well as certsin fluorescent organic compounds, the prefix
“fluoro-" has bsen maintained. The effect in the case of
inorganisc substances would be indicated as "inorgano-photo-

voltale™.
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CRAPTER IX
HISTORIC AL BACKAROUMD

Beoquersl (3) in 1939 discovered the photovoltalc effect.
Rigollot (48) in 1897 discovered the fluoro-photovoltalc effect
in which pure metal slectrodes dip in a fluorescent solution
and only one »f the slectrodes is irrailiated with light.
Minchin (39) in 1993 ussed pure organic liquids in a photo-
voltaic cell. Nichols and Merritt (43} in 1904 thought that
the fluoro-phntovoltalc effect was a photoconductive one such
as with selenium where the resistance changes on exposure to
light. Hodze (27) showed that a potential difference 1s formed
betwesn electrole and fluorsscent solution. Soldmann (18) in
1903 introducsd semi-traneparent platinum filme fueed to the
optical cell wall ss electrodes so that a fraction of the
light could penstrate through and cause the solution immediate-
1y next to the slsstrode to fluoresce; he studled the fluoro-
photovoltaic cell with a pbtonﬁiomotric circuit just as with
the photovoltalc cell mentioned on page 7. Thompeon (61) in
1915 using rhodamine B in sthyl alcohol studied the effect of
different metallic electrodes and their oxides snd concluded
that only certain metals could give good current output.
Grumbsch (20) in 1923 noticed an effect similar to the tran-
sient photo-inductive effect described on page 40; Murdock
(42) in 1921 studied a similar effect with rhodamine B in
aleohol and found that stirring lowered the current. Rule
(51) in 1926 found opposing rasults with eosin and fluorescein.
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Thosh (16) in 1929 theorized that light excited the fluores-
cent substansce in solution to an unstatle molecule which
reacted further with snother unstable molecule to form a
third molecule; this does sesm to be a sscondary process
since T™ite’ found that in many cases precipitation eventual-
ly oocurs in fluorescent solutions on prolonged standing.
Thosh stated that the fluoro-photopotential was produced from
the axwell-Boltzmann distribution of stable and unstable
m9lecules similar to the theory on page 25. Russell (52) in
1929 oonoluded that the fluoro-photopotential was not propor-
tional to the light intensity, as Goldmann (18) in 19068 had
done, and even showed that blus light hal a lesser effect
than yellow light; the cause of this apparent 4discrepancy will
be explained by this work which upholds Goldmann's photo-
elsctric explsnation. Pinally in 1930, Lowry (36) showed
that ths photopotential of the fluoro-photovoltale effect is
proportisnal to the concentration of rhodamine B in ethyl
sloshol; his slestroies wers also of semi-transparent platinum
through which only part of ths incident light could paes. A
very brief historical summary of the effect with "fluorescent
sleotrolytes” is given by Hughes and DuRridge (28).

Since Lowry's work, little more was done on thie fluoro-
photovoltalic effect. Zworykin and "ilson {(73) summarize the
fluoro-photovoltaic effect very mriefly in a short paragraph
entitled "TJensitive elsotrolytes” in thelr chapter on photo-

voltaic celle as follows:

VPrivaxe communication
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"It hal been observed by various investigators that
oertain fluorescent electrolytes spparently changed their
oonduetivity when 1lluminated, tut Goldmann (18) and
others »nroved later that the change in current was
actually dus to sn axtra elsotromotive force generatel
in the 11i7uid very olose to one of the electrodes. Ths
affest at best is snuall and at present remains only of
acwxienis interest. The effect is doubtless due to the

lidberation »f eleotrons from molecules of the fluorescent
eomyounl, ™
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CHAPTIR X
THZ DIVILAMINT OF THI PRISINT FLUORO-PHOTOVOLTAIC CULL
A THT PLUGRND-PHOTOPOTIENTY AL 1TITHOD

Jworyktn and Yilson (73), as quoted above, state that
the slesstromdtive force gensrated in a light-sensitive fluoree-
cent solution very clnse to one of the eleotrodes (the irradi-
ated slestrode) is "doubtless due to the liberation of electrone
from wslecules of the fluorescent compound™. Also, pure metals
dipning in ocertsin inorganic electrolytes yield a small photo-
potential when irrsiisted, as indlcated in group ¥, page 2,
probably dua t9 a slight ionization difference caused by the
light. In order for a potential to form on the irrsiiated
eleotrode, theres must exist an sxoceas of a charge of one
polarity in the solution next to this electrode. From a prior
congidsration, 1t would ssenm that 1f the dlesolved fluoreescent
substance do9s ionize by dissociation or slestron-loss during
irraliation, it should have no effect in produoing a potential
on the irralisted slectrode beosmuse the number of opposite
charges would be squsl. YHowever, since a potential is actually
obtainsd, an excess »f charme of one polarity does exist.

van't Hoff (65) showed that molecules or ions in solution
can be treated as molecules of a gas whose volure is the same
as the volume »f that solution, behaving kinetically like a
perfeot zas. 9inilarly, sinace an excess of charge does exist
in the irrasdiated solution around the eleotrode, this excess
charge in the irrsiiated solution can be considered as a space

charge in g vaduum or spacse, or as an "electrified atmosphere".



Lemsonier in 1757 discovered that the atmosphere is
ususlly in an elactrifisd comdition (62)V. 7ilkert (17)
Aeseribes Yord “slvin's "water-dropper” for measuring the
elostrification 2f the atmnsphers and also gives a theoretieal
explanation as follows: |

"4 0olleotor is placed at the point whose potential is
desirsd, Ths oollector is insulated and connected to one
terminal »f an elsotrometer. The other terminal ie earthed.
To tring the sollsctor to the potential of ite surrouniings
different Asvices are usel such as a pointed wire, a flame,
an ionizing (raiinactive) salt, or lord Kelvin'e water-
dropner. The last consists of an insulated jar of water
#ith a tube sxtendinz to the point at which the potential
is desired. The tubs is nearly closed so that the water
st £all in sensrats drops. The water is connected by a
7ire to oms gide of an slectrometer. The other side is
earthel, Tf ths region aroumd the end of the tudbe in Fig.
16 {paszs 63) has a spacs charge of positive electricity a
negative charge is induced on the end of the tudbe. This
charze is carried sway by the elactrified drope of water
until ths tube, snd the oonnecteld spparatus, comee to the
notential 2 the surrouniing sir. Then no further induc-
tion will take nlsce snd the eleotirometer will regieter the
potantial of the sir at the end of the tubde.”

Vit 18 interasting to quote here fronm Silvanus Thompson's
{62) "3lamentary Lessons in Jlectricity and Yagnetienm” (London,
1333): "The o2lder obssrvers were content to affix to an electro-
scops (with 3714 leaves or pith balls) an insulated pointed rod
stretohing sut ints the alr above the ground, or to fly a kite,
or {as Tssquersl did} to shoot into the alr an arrow communicat-
ing with an slectroscope by a fine wire, which was removed
befors it fell., day-Lussac amd Mot lowsred a wire from a
ballssn, amd found a diffsrence of potential between the upper
and lower strata »f the alr. None of these nethods is quite
satisfastory, for they 4o not indicate the potential st any one
point. To btring the tip of a rod to the same potential as the
surrounliing air, it is necessary that material particles ghould
be dischargel from that point for a short time, each particle
a8 it Dbresks away csrryinz with it a positive or negative charge
until the potentials are squalised between the rod and air at
that point. Volta 4id this by nesns of a small flame at the
end of an exploring rod. Sir W, Thomson (lord Kelvin) has em-
ployel 2 "water-Avopper”, an insulated clstern provided with a
nozzle »rotruiing into the air, from which drops issue to equal-
189 the potsntials: in winter he uses a small roll of emoulder-
ing toush-pwer (paper impregnated with ¥NOx as a fuse). Dell-
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It is of oourse obvious thst of the above "collectors”,
the only »nrasticsl one for these studies is the poirnted wire.
Tor this teagon, a platinum wire, of & & 8. Mo. 724 gauce (0.5
mm, dlameter), soldered to a copper wire lesd was fused in the
endi of a nieca of 6 mm. soft nlass tudbing and cut away eo as
tno legve a small exposed length of spproxinately 1.5 mn. This
"point” can alsm ba considersd as an electrostatic probe such
as 1981 t97 plot squipntential lines in an alsctrolytic cell
(26). The point-probs was supported in the fluoro-photovoltale
6ell usuglly azainst the center of the Iirraiiated flat side of
the cubical glass cell %o give the maximun photopotential, as
shown in 7ix. 17, page 63. It was connected to the grid of
the elactrometer tube at point A indicated in Tig. 11, page
31. A1l fluoro-phastonntentials produced by the probe-point
in theas studies were nositives.

A viese of olaesn platinum foil 2 x 6 cn, and S mile thick
partly immsrssi t5 5 ¢m. was used as the dark electrode in
»lase »f the 3lass slectrode of Part T; no artificial insulating
layer was required harse as with the semi-conductors of Part I.
The high input resistanscs of the electrometer is sufficient to
"matoh” the resistanses of the solutions studied in this fluoro-
photovoltais csll, as indicated on page 30. The platinum foil

dark elestrode was connected to a 10,000 ohm uncalitrated

mann adopted another method, exposing a sphere to induction
by the alr, and then insulating it, and bringing it within
doors t7 examine its charge. Peltier alopted the kindred
sxpedient of ... charging the slectrometer by induction with
electrisity »f opposite simn to that of the alr.
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potentiometer which took the plsce of the calidbrated one as
ghown in Tiz. 11, paze 31. This darkz electrode was mounted
85 a8 12 b3 sut of the limght path as shown in Fig. 17.

No actusl voltaze realings were taken, the 10,000 ohm
unealibrated potentiomater beinz set to give no deflection on
the slestroaster-zalvanometer when the complete fluoro-photo-
voltale aell was in darkness. The small notentials occurring
in the dark betiwsen the noint and plane electrodes may e due
to their asymmetry, diffarence in the stralns in the metal of
ths two electrodes, nrasence of iridiunm in the platinum wire,
etc. Realinzs of the galvanomster were then taken in palvano-
metar scale units after the galvanometer deflection became
oonstant during irrsilation of the point electrode. One mal-
vanomater scale unit 13 1 oem., or 10 mnm. divisions of deflec-
tion on the zalvanometer scale which hal been marked at the
factory to resl thus. The galvanomster scale unite may after-
wards be converted to millivolts by multiplying by the faoter
0.11, ths numbsr of millivolts per galvanometer scale unit
derived froa the ssnsitivity of the electrometer as given on
paze 30. The Ayrton shunt was of course used for the large
valuss of fluoro-photopotentials in order to Yring the galvano-
mater indicstor-line within the linear rance of its scale.

The light syastem and the fixed distance of 75 em. from
¢ell t2 lamp was the same as used in Part I, shown in Tigse. 10
and 13. Ths cubioal cells were also the same as in Part I,
being oubes of 5 6m. on an sedge to hold 100 ml. of solution.
Rough comparisons were maie hetwsan the affixed mercury lamp
ard a 150 watt incamlescent lamp 20 on. from the cell, with
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and without rlass filters; the followings taltle ies a typical

regult with a 2.5 =nz/ml solutinn of fluorescein acid in ethyl

aleonnl:
™A TIT
RO AT 53mWnaen ON S aRIoue Irtu
TROTTATTONG W THT FTUORNGIUOTODOTINTT AL,
L.izht excitation ftalvranometer scale
units
Varcury lsm, nn filters 710
Sisrouyy lamp with Sorning
2. 5340 {u.v.) filter 45
159 watt lam, no Tilters 155

Thais table iniisataes, as nmentionsl atove on parse 3%, that the
mersury lam without f1lltsrs has practically no quenching wave-~
lenzths, at least as far as the fluoro-photopotential is con-
cornsgl, anl n5 fllisers have thorefore bheen used in thess
stulies.

Saveral glrvantazes of the point-prodre nay be trilefly
given as follows: (1) prasticslly all of the lisht from the
lay cen be utilized in fluorescence excitation as compared
with ths previsus semi-trangparent platinum filn electrodes
which allowed part of the light to pass through, (?) the dia-
neter 2f the 1lizht besm has little effect on the fluoro-photo-
notential, (3) the simplicity amd rurmedness of the probe-
n2int anl ths »pnesidbility »f interchanming it among various
1lass colls for gomarative studies, and (4) smell volumes of
golutiong can bs studled. A further discuesion on the theory
of the probs-point snil the fluoro-nhoton-sctive orsanic mole-
culs will be naie in Shanter XTII. The two chapters now

following desoribes the experimental worlk of this part of the

regaarch,
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CHAPTER XI
THI THAICT OF YARVING CONDITIOND
OK THE PLUNRO-PHOTOPOTRHTIAL

In osrder to 2btain the naximum fluoro-photopotentiasl for
a given gonosntration of fluoro-photo-active substance, the
effects of varying oconditions on the fluoro-photopotential
have been studied in order to determine the optimum conditione.
These studies are deseribed bslow.

Ihe Intensity of the Incident Light. The gresater the
intensity of the light striking the fluoro-photovoltalc cell,
the greater is the produced fluoro-photopotential, contrary
to Russell (52) mentioned on page 59. This waes determined by
noving ths mercury lam towards and away from the fluoro-
photovoltalis sell. The fixed distance of 25 en. between lamp
and cell was used becsuss very little heat approached the
fluoro-photovoltaic asell by raliation at this distence. lenses
were not used in the ontical axis.

The Wave-Length of the Incident Limht. The effect of
wave-length of incident light on the fluoro-photopotential
was indicsted on page 66 and in Table III. Also, it was
mentioned 2n paze 59 that Russell (52) found that blue light
hadl a lesser affect than yellow light, contrary to photo-
eleotric phsnomena. This disorepancy nay be due to the color
or absorption spsotrun of the fluoresscent solution that he
used, which nmay absorb the higher wave-lengths of incident
light that a%uld otherviss produce fluoresoence. This light-
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absorption effect is indicated more definitely in the next
chaptsr with fluorsescent solutions. Actual spectral studies
wers not masie; it 1s probable that a certaln optimum wave-
length exists for sach fluoro-photo-active sudbstance in solu-
tion t5 yisld 3 meximum fluoro-photopotential. The fluoro-
photopotential 1as no relationship to fluorescence as shown

below.

The Sross-3ection of the Light Bean. The light beanm

striking the fluoro-phontovoltaic cell was controlled in
eirculsr eross-ssction by the iris disphrasm depicted in Pig,
17, pazs 63. The incresse in oross-section di4 have a small
but 4efinite sffect of increasing the fluoro-photopotential
ag shown in Table IVY.
TARLE IV
IFREST OF INGIDSNT LIGHT FiAM CROSS-8ACTION
(L1347 INTINSITY CONSTANT) ON THS FPLUORO-

PAITOOOTINTIAL USING A 294 TENIOIN SOLUTION
IN TTYYL. ALCOHOL

Diameter of iris diaphragm Relative fluoro-
opening in om, photopotential in
galvanoneter units
0.5 3¢
1 220
2 250
3 270

This effect has some theoretical significance especially for
the spacs-charge concept described on page 67.

The dize of the Probe-Point. The effect of the size of
the probe-p2int on the fluoro-photopotential wae stulied by
starting #ith a 4.5 mm. exposed length of the B & 8. No. 24

£su3e platinum wirs. The expossed wire wae cut into shorter
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lengths after determining the fluoro-photopotential for each
resaining length. Fig. 18, page 70, shows the effeat of the
gize of the noint on the fluoro-photopotential. This effect
of eourse has much theoretical significance for the probe amd
indicates that a length of about 1.5 mn. gives the maximum
fluoro-photopotential. This can be easily seen from the fact
that a larze point in a fluorescing volume which possessas a
marked fluorescence nrasiient can not yleld the meximum poten-
tial at a ziven po2int in the fluorescing solution; a very
gmall no2int, 2n the sther hand, builds up ite charge very
slowly anl can not bs influenced by all the photo-active
molescules around it, as indlcated by the 0.5 nmn. exposed length
in Tiz. 13. The 1.5 mm. probe-point has therefore been used
throughout thesa studias,

The Dosition of the Probe-Point in the Solution. This
effect 18 perhaps the most striking in illusetrating the eleoctro-
static nature of the fluoresscing solution. If the concentra-
tion of a given fluoresosnt substance in solution ocould Sc
made suffisiently high, the solution displayed "surface
fluorescence” (25), fluorescence which exlsted only at the
interfass bstwaen ths solution and the glass wall where the
light beam first spproached the solution; here, at this sur-
face, thas fluorescence could only be seen with the eye in a
direction narallel with the incident light and of course per-
pendicularly ¢o that surface. Then the probdbe-point was placed
80 as to touch the glass wall as in Fig. 17, page 63, a definite
anl sgometimes very larme fluoro-photopotential for certain

fluoresosnt substances was odbtained; but when the point wase
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placed about 1 mni. avay from the glass wall and fluorescing
nlang, n9 fluoro-nhotnpotential was obtained. Also, with the
probe-noint at the flunrescing plans, the fluoro-photopotential
was found to be independent of the concentration of the fluo-
rescing subostances as long as surface fluorescence was displayed,
to bs further deseribed in the next chapter (see Fig., 22).
Thig is reminiscent of the contaot potential between dlmsimi-
lar metsls and this phenomenon may also have some besring on
the thesry »f matals since the surface-fluorsscing plane may
dieplay spesuler reflection (25).

M the grelual Allution of the above concentrated fluores-
coant as2lutiom, ths fluorescence spread out from the eclution-
7lss8 intarfase plane into the volume of the solution; during
the first processes »f 41llution, the fluorescence graiient
appeared marked but eontinued dilution caused the fluorescence
to bacome not only more uniform throughout the volume of the
ocell btut alsy wesker in most cases where the fluoreecent sub-
stance remisrsl 11ttle color to the solution’, This type of
fluorescencs 1is called “volume fluorescence” (25) and is of
course eaally discernidble by the eye perpendicularly to the
light beam. Thue positiom of the probe-point in the fluores-
cing volume with respesct to the initially irralisted wall of
the glass sell influencel the fluoro-photopotential; this

result is illustrated in P ig. 19 for various ooncentretions of

Vahadsmins,g which formed an intense red solution increased
1ts fluoro-phntopoatantial to a small degree when paseing from
surface to volums fluorescensce, as indicated in Fig. 22,
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rhodamins B in absolute ethyl sleohol. However, in the actual
fluoro-photopotential method, the probe-point alweys touchel
ths'glaSQSwall tm give the maximum fluoro-photopotential for
a gziven sslution, as shown in Pig. 17, page 63,

The Iffest of Stirrinz. As indicated on page 58, etirring
ths fluorsephoto-sctive solution of the fluoro-photovoltalc
cell diminished the fluoro-photopotential due to "equalization
effects”. The mean 1ife of s fluorescing molecule, about 1n-9
second (25, 4%, 72), 18 of course too enmall to sllow 2 fluores-
¢ing moleculs to approsch the dark electrode during rapid
stirring. It is probably the orientation of the molecules of
the polar sslvent which is affected by stirring. Stirring was
therefors nat done during fluoro-photopotential measurements.

The Iffect of Temperaturs. Using a 100 ml. pyrex beaker
instead of the cublcal glass cell which was cemented together,
the effect of tempsrature variation on the fluoro-photopoten-
tial was noted with a slowly cooling 13 benzoin solution in
absolute ethyl alcohol. The cylindrical shape of the beaker,
as comparel with the flat irradiated wall of the cudbical glass
cell ocubs, of courss hal 1ittle effect on the fluoro-photo-
potential becsuse the probs-point could easily be mounted to
touch the oylindrical surface and face the incident light
directly. ™1g. 20, page 73, shows that the higher the tem-
peraturs, the smallsr the fluoro-photopotential, a fact easily
unierstaniable from a kinetic equslization stanipoint as men-
tioned in the above paragraph on stirring. Perrin (45) showed
that ths higher the temperature, the lower the degree of
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fluorescense polarization and intensity. This same relstion
is woall zno=m in visuagl fluorescence measurenents.

The aturs nf the Solvent. The dielectric constant of the

gnlvent for the fluoro-nhnio-active sudbstance is probably a very
imortant fastor in deternining the mwagnitude of the fluoro-
photonotentisl. The variation in the dlelectric constant on
the flunrs-photomntential was studied with water-methanol amd
methannsl-benzene mixtures using eosin at a concentration of 1
mg. per al, of solution for easch test. Oinoce there is no defi-
nits relaotionghin bstwvean the mole fraction of two miscible
1i9uidis and ths rssulting dislactric constant, thie nethod of
stuly was qualitative hut sufficiently indicative to show that
#ater saussl a poor or no fluoro-photopotential and that metha-
n2l (or athanol in other studies) yielde mood fluoro-photopoten-
tiale, Table ¥V summsrizes the reeults of the stulies on the
effact of the dielectrio e¢onstant of the solvent on the fluoro-
photopotential and alss on the emitted fluorescence as measured
by a fluorescense photometer such as the Iunmetron.

TRV
3ATEST OF THY DITLHAGIRIS CONGTANT ON THE FPLUORO-PHOTOPOTSHTIAL

WY MPARITITITT UAT 4 TV acwmen artey o7 1 1,
AT IV PHR ML, OF SOLUTION

“olvent Diglactrioc Pluoro-photo~|Relative
(narta by 79lums) amsatant, notential in |fluorercence,
galvanometer |determined ty
unite Tumetrnon
Tater T n 1
14;) 134304 . 5
gthanol z1 15 2.6
30H% 03106t 13
1J 3%|—¢ Ay 36 2'5
100% 03 1 358 _ 129 2.0
NnzaMe 2,3 gngin insnl,
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The last ¢olumn of Table ¥ points out the effeet of the

Aislectric comstant on the intensity of fluorescent light.
lthough the intensity of fluorescence decreased slightly from
methanol o the 10H30H:30sHg mixturs, the fluoro-photopotential
incressed t2 a much mreater exitent indicating that even if the
fluoro~photopotentisl were related to fluorescence, they would
not necessarily by proportional to esch other, a faet to be
discussel further below. The fact that the fluorescence
inoreases from water to methanol or other solvents having a
low dielectric constant is well known for many fluorescent
substences; for exsmple, bsanzoin is not fluorescent in water
but 1is fluorescent in ethyl aloohol.

Acsording to the classical theory of electrostatice (17,
58), when a charzed noint which has a certain number of tutee
of elsotris flux per unit area r cm. away from the peint, or
has a flux density D, 18 placed in a dlelectric medlum such ae
the solvent which has a dlelectric oconstant of k, an electric
field intensity J will result r onm. away, according to the
following relationshin:

D=k%, or E = DX .

In ths fluors-photopotentisl method, it is probably the
elestris field intensity © at the probe-point r cm., away from
ths fluoro-photo-sstive {apparently charged) molecule which
affects the probs-point. This indicates the seemingly impor-
tant effect of ths dielectric constant of the solvent on the
fluoro-photopotential and also on the fluorescence.

Sodium fluoressein st a concentration of 0.1 mg/ml yielded
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practically no fluoros-photopotential regardless of the solvent,
1ts dislactrioc eonstant, snd the tright emitted fluoreecence.
Also, the fluorescence intensity of sodium fluorescein deter-
mined with the Lumetron fluorescence photometer decreassd with
a2 decresss in dielectric oonstant, unlike eosin (as found by
Rule, naze 53) sni the majority of fluorescent substances, as
the dielectric oonstant deoressed from that of water through
mathandol sml towards henszene. This contrary effect of godium
fluoressein vhen compared with eosin, both being sodium saltse
of dye substanoes,is nrobably due to the peculiar structure of
the fluorescein ion whioh is discussed further in Chapter XIII.
After siding a few drops of aqueous sulfuric acid to form the
fluorssscsin acid moleculs from the sodiun fluorescein in
methansl, large fluoroc-photopotentisls resulted. A titration
srocedure sould probadbly be worked out from this behavior.
Fowen (5) points out that a change in the molscular species
(molecule«—ion) takes place with change in pH. In short, the
fluoresscain asid molesuls baing weakly ionized profuced the
large fluoro-photopotential while the fluorescein ion ylelded
practisally no flusro-photonotential.

The resistivity of the solvent, since it must usually
eontain an unionized fluoro-photo-active solute, can not be
extremely largs or 1t will be unsuitable as a liquid medium in
the fluoro-phstovoltsic cell; the vacuum-tube electrometer can
not bs balsnced properly to give a steady and definite reading.
This is the 9nly Aissdvantage of the vacuum-tube type of elec-

trometer but it is not serious sinse the majority of solvents
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are sultsble £or thls fluoro-photopotential method and have a
resiativity fron 106 o 1010 ohms per co., such as ethyl slco-
hal, methyl aloohol, water, ete., 811 baing polar solvents.
Unfortunately, commen non-pnolar solvents such as benzene,
hexans, snd carbom tetrachloride, have thelr raeistlvitiés at
aporoxinately 1019 ohms per cc. which la too large for the
aropey functioning of the vacuun-tube electrometer although
thelir resigftivities can be determined Yy means of a vscuum-
tubs bridge (37). T™ils fact, that the common non-polar sol-
ventis have a mich higher resistivity than the najority of
s2lvants whish are nolar, praosented some 4ifficulty in the
experimantal work here hut results to be desorided in Chapter
XIIT allow a sultsble theoretioal explanation.

The nrassnce of ions lowsred the fluoro-photopotential.
Tor sxamls, the gddition of alcoholic solutions of potassiun
chloride, alumivum ochlorids, armonium iodide, zinc chloride,
1ithium chloride, g2dium hydroxide, and potassium acetate to
aleoholic solutinng »f 17 henzoin decreased the fluoro-photo-
pnotentials., The last two inorganic substances produced a
paculiar offect probably duse to their alkaline nature; this
affect, csllad the "transisnt fluoro-photo-inductive effect”
hers, 13 dlscusassd further in Chapter XTT.

The 3ffest of Tluoresgscence Intsnsity, T4 has alreagly been
iniicated that for a givsn fluorescent substance and solvent,
the fluors-photonstential was proportional to the concentra-
tiom and degrses of flunrescence only where volume'fluoréacenea

axists. ‘iowever, with different solvents the fluoro-photo-
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potential ie not =spparantly relaﬁeﬂ to the degree of fluores-
gence for a ziven substance at a fixed ooncentration. Also,
different flusrescent substances at sinmilar concentrations in
the same gslvent, having different deprees of fluorescence,

40 not have the flunro-photopotentisl proportionsal to the

fluorescence intensity. Thisg points to the very important

fact that 1t is primarily the molesular structure of the given
fluoro-photo-gctive substance which deternines the magnitude
of the fluoro-photopotential that it will produce in a certain
golvent; this fact will be utilized in explaining the nature
of the fluoro-photn-active orgsnic molecule in solution and

its production of the fluoro-photopotential in Chapter XIII.
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CUANTER XIT
THT FLUNMOSPHOTONOLT AIC WP AVIOR

A7 FLUORTSCTT SURSTANCTES IN DOLUTION

This chspter primarily dssoribes the effect of the con-
gentration of various fluorescent and other fluoro-photo-
activs sutstanoses on the fluoro-photopotential. Other effects
ars also inclujsd which have theorstlioal eipnificance in ex-
plaining the naturs »f the fluorescing molecule and the
machgnian of the production of the fluoro~-photopotential.

The fluors-nphnatsovoltaic cell in all of these studies was
composel of the fluorescent or fluoro-photo-active solution,
irraiiatel probe-point of 1.5 mm., and platinum foil dark
elsotrode as shown in Pig. 17, page 63. No filters were used
and the mersury lamp light source was fixed at 25 om. from the
glass cell ss mentioned on page 67. No fluoro-photopotentials
wers o2btainable with the pure solvents used here regardless of
the wave-lgngth of irrsdiating light.

Ihs Behavior of RMmodamine B 1n Absoluts Ethyl Aloohol.
This was the first solution to be studisd because of its
appsrently zrest popularity smong workers studying the fluoro-
photovoltaie effest. Since the rhodamine B contained ruch
foreizn salt as inert and insoluble material, the concentration
of the rhndasine in ethanol was deternmined by avaporating to
dryness s Znown volume of the supernatant liquid ani welghing
the resiius., Tahle VI, psze 90, and Fig. 22, page 81, indicate

the varistion »f fluoro-photopotential in galvanometer units
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#ith sonsantration of rhndanine X The nmaximun "hump” in the
curve is Aus to the intense red colnr having a grester tenden-
oy to2 abgort the ultrs-violet light as the concentration 1s
increasged.

"hen the eoncentration of rhodsmine B was edfficlently
high to »rniuse surface fluorescence and the vrobe-point wae
plecel st the 7lass cell wall where the surface fluorescence
existed, ths naximua flusro-photopotentiasl wae obtalned which
was used to derive Tatle VI and the curve of Flg. 22, How-
ever, when the probe-pnint was placed agbout 1 mn. away from
this surfsoe, no {luoros-photopotential was obtained aé indi-
Batsdl in Piz. 13, page 70. This indicates that the prote
£9115we1 the eys sgomavhsat in detecting fluoreecence. ‘Then
the concentration was sufficlently low to give volune fluores-
cence, which the gye could see when an ultra-violet filter
was nDlsced in the 1izht path, the probe yielded a fluoro-
photonatentisl throsughnut the solution wut of a magnitude
4epaniing o1 oy far the prode was from the cell wall whioch
first recalved ths light.

9tirring the fluoraescing solution in the fluoro-photo-
voltaiz 391l 1acressed 4he fluoro-photopotential ns discussed
m nage 7.

fnather effect noticed here and throughout these stulles
was that‘grrat&c dr1;£ nf ths galvanometsr hecame less as the
eancehtrs£15n v fluoro-nhotopotentiai 1ﬁcreaaei. This be-
enaer apparant from the fast that the rreater nunker of charged

fluorescing aoleculss around the probe causes a mreater



8tability of the space sharge which they forn.
A1gomol. Durint ths study of the fluoro-photopotential
nethod of detscting boron by neans of benzoin, according to
the »roassdurs of Thite (70) and &iscussed below, it wae found
that beanzoin alonas in sbsolute ethanol yilelded very lerge
flusrs-nhstopotentials when ocomparsd with other fluorasscent
gubstaences at ths sama ooncesntrations. Table VI amd Fig. 22
present the concentration yersus galvanonmeter-units character-
istin., Taenzoin digplayed no surface fluorescence even up to
golution saturation and no maximum sppears in the curve, Also,
benzoin formal a coloarless solution, absorbing little light
Tor this reason. However, dbenzoln, even though it gave large
fluoro-photonotentialse, 414 not dieplay the same inteneity of
fluorsscensce as nther fluoraesoing substances vhich rave much
lower fluoro-nshotonntentiasls at the same concentrations.
Penzil disaslved in absolute ethyl alcohol has e pale-
yellow golor., ™ig. 7?7 indicates the fluoro-photopotential
characteristis with the variation in concentration. The
smaller flusoro-photopotentials of henzll ae compared to those
of banzoin‘are'ﬁartly due to the yellow color of benzil absor-
kinz some of thewlight which would have given 2 greater amount
of fluorescent 1131t 1f the benzil solution were colorless)
ag in ths cags of benzoin, Ailso, the yellow color of the
benzil eslution may ahgor® bHlue lirht tut allow yellow limht
to pass throuzh siving the impression that a longer wave-length

of light yislds g nreater fluorc-photopotential than a shorter
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wavs-langth, contrary to the laws of photo-electricity; thie
imression was given by Russell (5?) mentioned on page SO as
an argunent azainst the photo-electric theory.

An attempt was made to obtain a ocurve of the concentration of
boron versus galvanometsr units by means of the toron-benzoin
09mplex which is the basis of a delicate fluorescent test for
boron (79). The following solutions wers prepared:

(1) saturated boric acid in ethyl aloohol

{2} 0.5%7 benzoin in ethyl alcohol

(3) 0.67 sodium hydroxide in ethyl alcohol .
The benzoin sslution alone displayed the fluoro-photovoltale
effect but the two other solutions 4id not. One ml. of the
hydroxids solution with 5 ml, of the benzoin solution diluted
to 100 ml. with ethanol resulted in the transient fluoro-photo-
inductive effect, to bs desoribed below, as well as in a small
final positive fluoro-photopotential. Adition of a few drops
of the saturated alsohnlio solution of boric acid developed a
blue volums fluorsscence hut the fluoro-photopotential was too
small to allow 2 oslibration curve to be made.

If larger sonocentrations of benzoin were used, it would
not be poassible to detect the presence of boron by the fluoro-
photopotentisl method becsmise benzoin alone gave a large effect
and sodiuz hydroxide decreased the effect of the benzoin to a
degres which would still be larger than that obtained with
boron. This is the main dissivantage of the fluoro-photo-
potential method, that low concentrations of fluorescent sub-

stancss which can be easily seen with the eye and detected by
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extarnal nhotn-electiric cells can not be detected by thie new
method, as stated on pame S56. The probe, however, can very
well Aetect differences in higher concentrations where the
eye and external photo-electric cell can not be used.

The Behavior of Quinine Sulfate. One gram of quinine
sulfate dissslved in 100 ml. of absolute ethyl alcohol 4is-
nlayed a slight volune fluoresscence and g small fluoro-photo-
potential. On siding two Arops of concentrated sulfuric acid,
the slight volume fluorescence disappesred and intense surface
fluoressencs of a blue color appeared. Dilutione of this
solution were male and fluoro-photopotentials determined to
obtsin Table YII and Tig. 21.

This was repsated with concentrated hydrochloric acid
which gave somswhat sinilar results as shoen in Fig. 21,
Sulfuric so0id produces s greater fluorescence with quinine
sulfate than hydrochloric acid at low concentrations according
to the eysV.

Fig. 21, page 73, indloates that the sulfuric and hydro-
chlorio acids prodused practically the same fluoro-photopoten-
tials at the lower concentrations. However, at trace concen-
trations, the eye can definitely see that hydrochloric acid
produses no fluoresoencs with quinine sulfate in ethyl slcohol

while with sulfuric a0id fluorescence persists.

VPrlv;ta commnication of Professor ¥hite



TARLY VIX

TRTIOT O IONTINTRATION OF QUININTG SULFATT WITH EXCESS
SULTURIC AD HYORNCHLORIC ACIDS ON THE FLUORO-PHOTOPO-
TINTI AL AT ROYY TRIRATURT AND WITH 1.5 M. PROFS-POINT

AT CRLL WALL
Joncentration of Average fluoro-photopotential
quinine sulfate in in mslvanometer units
22, pey ml. H¥xoass HOL Excess Hp80,

(A slight fluoro-photopotential of about 3 units was
produged without the aldition of acid.)

10 a7 37
5 29 35
2.5 19 12
1.25 10 3

The Pehavior of the Aluminum-Pontachrome Fluorescent
Jomglex. This complex is the dasie of a delicate fluorescent

test for aluminum (69). Pontachrome (Superchrome Flue) at a
concentration 22 19 in absolute esthyl aloohol was used as the
stock solution. 2 ml. of this solution were diluted to a
volume of 100 ml. with ethyl aloohol and was found not to be
fluoro-photo-astive and no fluorescence was discernible. A
17 ajuesus solution of potassium alum was aleo photo-inaotive.
MAing 2 drops of the alum solution to the above diluted
pontashroms solution resulted in a fluorescent solution which
gave a fluoro-photopotential of 2 galvanometer units. Ading
1 aml. more of the 17 alum solution yielded after a few minutes
& maxizum regling of 12 galvanometer unite which is also indi-
catel in Table VIII. The aldition of more alum solution to
the above csused s precipitats of alum to fornm.

Ihe ITransient Fluoro-"hoto-Induoctive Effect. When sodium
fluoressein, bsnzoin, or bonsil in ethyl alcohol were rendered

alkxaline with sodium hydroxide, a peculiar photo-effect wae
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obteined similer to that with the metals of Part I, pege A0,
and shown in Piz. 14, pare 41l. ‘'Then the resulting solution
was first irraliasted, the fluoro-photopotential, which ususlly
asgumed a positive value, first went to a negative value and
then assumed g posltive'vsluav. On removing the light quickly,
the fluoro-photonotential increased positively and then rever-
ted to zers. As a typical example, 100 ml. of a 17 benzoin
solution in sthyl sleohol yielded a fluoro-photopotential of
1070 galvsnometer units at room temperature (Fig. 22). Mding
two Arops of a 209 squeous sodium hydroxide egolution 4id not
affect the volume fluorescence ascording to the eye. However,
immediately on irrsiiating, a maximum negative fluoro-photo-
potentisl of about 30 units resulted and then the fluoro-photo-
potentisl besame positive to about 25 units which ie much
lower than the former 1070 units.

10 =m1. of a2 ssturated alcoholic solution of potaseium
acetats wers alded to 100 ml. of a 1% alooholic benzoin solu-
tion in the fluoro-photovoltalec cell; a definite tranelent
effsot was azaln obtained. ™ith other 17 alcoholic benzoin
golutions, the sldition of alcoholic solutions of potassium
chlorids, alusminum chloride, ammonium iodide, zine chloride,
and 1ithium chloride 414 not produce the transient fluoro-
photo-inductive effect. The alooholic solutions of these

inorganic substances 414 not possess any photo-activity. Thus,

Van analogous phenomenon was obtained (35) with fluores-
cein deflecting in a magnetioc fleld only in the presence of
oxyzen (not with neon or carbon dioxide) during the study of
the parsmaznetisa of fluorescein.
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the transient fluoro-photo-inductive effeot can be attrihuted
to the pregenos »f basio substances which in these studies
were the hydroxyl and scetate radicals.

The »resence of tha foreign inorganic substances lowered
the flusro-photopotentials of the above 19 benzoiln solutions
a8 indiloasted on pame 77.

Holeoule on ths g;gggg;gggggngggg&;g;. On comparing the
moleculsr strusture of the various fluorescent compourds
uged in this ressarch, it was noticed that a scarbdonyl group
was present in the fluorescent compounds which produced
definite fluors-photopotentials. Comparative studies were
then made on arganic eompounds with and without a carbonyl
group It fluorescenscs was not primarily considered, Table
VIII, page 39, briefly summarizes the experimental work and
theoretical considerstions are male in the following chapter.
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IrFECT OF VARIOUS MOLICUL AR STRUCTURES
ON THZ FLUORO-PHOTOPOTENTI AL

(A1l concentrations at 1% in ethyl alcohol
unless otherwise stated; room temperature
and 1.5 mm. probe-point at cell wall.)

Tluorsescent Molecular Relative Approximate
substance structure fluoro- degree and
photopoten-| type of
tial in fluorescence
galv. units | (visual with
u.v. filter)
— ———y
Benzoin H 1070 faint blue
@-5—¢0 volume
o0 OH
Penz1l 710 faint blue
@c-c.@ volume
o o
Eenzophenone 700 faint blue
@,cO volume
)
Benzaldehyd e 450 questionable
?-o blue volume
H
Benzhydrol H none falnt blue
Q_SO volume
H
Anthrajuinone 2 390 blue volume
(0.5% sat.) O (high)
Acetophenone 200 faint blue
C-CHg (fairl volume
o good
Hydroquinone none none
Ho-<::>>ou
Quinone transient faint dlue
o= =0 effect, volume
= = then 60




TARLYE VITT (CONTINUED)

¥luorescent olecul ar Relative Approximate
substance structure fluoro- degree and
photopoten- | type of
tial in fluorescence
galv. units | (visual with
u.v. filter)
—
Triphenyl- c\ none blue volume
methane
O—cH
n-Jexyl phenyl H 10 blue volume
carbinol O"F CoHis
OH
Flavanol o 10 yellowish-
(0.4% sat.) & O (sluggish) | green
C[ ¢ surface
c“C oH
6
l-aminon-4- QO NH, 2 faint red
hydroxy anthra- c surface
quinons C(
6 OH
Sodium eosin 45 green
(6.17) Q O-NA volume
BR B8R
@—09
\c
: :C-O-NA
[
(o]
Fluorescein oH OH 115 greenish-
acid blue volume
(0.5%)
o]
c
o >
e




TAHE VIII (CONTINUED)

91

Muorescent Molecul ar Relative Approximate
substance structure fluoro~ degree ani
photopoten- | type of
tial in fluorescence
galv. units | (visual with
u.v. filter)
Sodiun . 9 intense
fluorescein i QnA yellow-
(0.5%) O__ _© orange
o volume
\c/
: :g-o-NA
o
Rhodamine B — + I 100 intense red
ETN »0 NET, surface
Refersnce (24) ec
i
O-coon
B CL™
Quinine H, ,80;QUI 37 blue
salfate S surface
ME-O
H-,c-;c'"\gz
HO M 1
2
| C""z
H,C CH
v~ Ve
HooH
i
Aluninum- N=N 12 blue
pontachrome Y volume
complex 0-AL-0
(0.02%) +




CHAPTHER XIII
THY NATURY OF THY FLUORO-PHOTO-ACTIVE MOLWCULE
A THY THORY NP THE FLUORO-PHOTOVOLT AIC EFFECT

Tabtle 7III indicates that certain fluorescing amd non-
fluoressing sudbstances such as benzaldehyde in solution can
produce a flusro-photopotential. The same considerations can
thersfore be msdise for both types in the following discussion.

That the nroda-point is deteoting a fluorescence type of
activation and not a photochemiocal sotivation type seems to be
true benmiss the fluoro-photopotentials are stable and repro-
ducadble and return to zero when the light is removed. The
flusressing or non-fluoresoing fluoro-photo-active substance
does not suffer gny permanent change in ite overall electroniec
energy c¢ontent, as pointed out by Wolfenlen {(72) as followse:

" An elseotronically sxcited molecule does not suffer degra-
4stion of its elsctronic energy before 1t emits fluorescence;
on the 2thsr haml, s moleculs which is photochemically active-
t21 has in genseral undergone degralation of its electronic
onergy. The lifetime of a fluorescent and of a photochemical-
1y sotivated moleculs must not be confused.”

The probe is always rendered posipive when in the fluores-
cing rezion., This positive photo-effect on the probe-point
may 2ocur by two methods: (1) sccording to Thompeon (62), ty
actual sontaot with ths fluorescing rnolecule which would indi-
cats the charzgs »f the molecule to become positive or less
nezative and (?) ssceording to Mildert (17), by induction at
the probe-point whish would also show that the fluorescing
molecule bssomes more positively or less negatively charged.

Thomson's explanation (footnote page 62) is more acceptadle;
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thers are two sxamples that a probe-point or electrode placed
in a spsce ocharze assumes the polarity of the spece charge:

(1) the produstion of oxidation-reduction potentials sceording
%5 the Yernst squation s (?) the so-called "contact potentiasl"
in vacuum tubes oontaining an elestron-emitting filament and

a plate., In any svent, the electronmaeter assumes the same
polarity as that of the space charge.

The poasitive charge from the fluoro-photo-active molecule
may »>robadly ariss from an unsaturated group, perhaps chromo-
phoriec (6), sush as the oarbonyl, ethvlene, azo, nitroso, azoxy
acting as a lov slectron-density point or area to which electrons
can move from the solvent or from an electron-donating group
such ss s benzene ring which become positively charged. FKasha
(?9) imMiocsted that carbonyl compounde have characteristic
long wave-lenzth absorption bands probably due to loosely
bourd elsctrons. This explanation is similar to the electro-
meric shifts snsountered with meta-directing groupe such as
the nitro, sulfonis, and oarboxylic, attached to a benzene
riné? Bsnzoin, benzil, banzophenone, benzaldehyde, and several
other molsscular struotures from Tsable VIII, which contaln the
carbonyl zroup prodused large positive fluoro-photopotentiale

whersas benzhydrnsl and hydroquinone which possess no electron-

VHanatckx and Illingworth (71, 59) formed a rule given as
follows: "If in the benzene derivative Xy, Yis in &

higher aroup of the periodic table than X, or if, being in
the same group, ¥ 18 of lower atomic weight than X, then the
group 19 meta-diresting. In all other cases, including that
in which the group XY 18 a single atom, it directe into the
ortho- and pars-positions.”
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sink groups yislded no fluoro-photopotential. Other organic
compounds pnosgassing slsctron-donating groups attached to a
benzans ring 89 as to bs ortho, para-directing (nccordlng to
Jammiock anl Illingworth's rule) have not been studied.

Parrin (A5) theorized that with fluoresceiln, fluorescence
18 dus t2 a quinoid grouping in the molecular structure which
may be in equilibrium with another ocolored or colorless struc-
ture, the squilibriun dspending on the pH of the medium, as

fol ! v
lows: 4 OH OH oY

o c///
/
\O < +H+
ACID
wy %// G790
0] o~
FORM 1 FORM 2

According to Table VIIY, fluorescein in an acid medium produced
a fairly larze fluoro-photopotential while the sodiunm ealt
produced s vary small affect. Jince the basic Form 2 produced
bered ring of Torm 1 seens to ba/ggziva electron-eink for® S-mem-
bered ring of Torm 1 seems to bo/gggivo elactron-sink for
produoing the large positive fluoro-photopotential of the acia
Torms 1, and the carbonyl group of the quinoid structure of
Pora 2 probably produced the very small fluoro-photopotential
in basizs solution. The carboxyl group of Form 2 probably has
l1ittls affect in producing a fluoro-photopotential becsuse the

narked overall negativity of thies carboxyl group may soreen
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out the effest of the light on 1ts two resonant carbonyl groups.
The »raduction of the positive polarity may indicate that
the overall charza on the organic molecule or solvent where
irraliagted has decreased negatively. The solvent may probab-
ly enter into the production of the fluoro-photopotential ae
inlicated by the transient fluoro-photo-inductive effect. It
was mentioned on paze 7g¢ that non-polar solvents such as
benzene and carbdon tetrachloride have extremely high electrical
resistances and can not be used for fluoro-photorotential
neasurensnts with the vacuun-tube elasctrometer. However, there
were definits experimental indications that these non-polar
aolvents produced no fluoro-photopotential at all with bhenzoin,
even with their very lov dislectric oconatants. This points to
the idea that polar solvents nay be attracted to a charged
area of the fluoro-photo-active molecule, or that a hydrogen
briize nay be formed bstween the aloohol and, for example, the
oxysgen atome of the carhbonyl electron-sinks after they have
“borrowed” thaeir slectrons from the fluoro-photo-active mole-
culs or ths solvent. The line-up of the polar solvent moleculss
around ths larzer fluoro-photo-active moleculs nmay be considered
as 1f the soslvent molecules array themselves on a dielectric
plang with thelr positive ends facing the prodbe-point, thereby
forming the positive charge on the probe-point and electrometer.
The prgssnce »>f the carbonyl or sinilar group in a mole-
cules somtaining an aromatic ring seesns to determine whether
it is fluoros-photo-sctive tut its position in the molecular

structure may determine the degree or magnitude of the fluoro-
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photopotsntial. It may sppesar that benzil ehould produce a
much larzer fluoro-photopotentisl than benzoin or tbenzophenone.
However, ressnancs may oscur bstwesen the two oxysgen atoms of
the cartonyl grouns of benzil or the two nitrogen atome of the
aluminum-pontashrome complsx to give a lesser fluoro-photo-
voltaie effaect.

n-1exyl phenyl carbinol contains no carbonyl or sipmilar
group yet it produced a small fluoro-photovoltalc sffect ae
inlizated in Table YIIX. This may be due to ths unsaturated
benzene rinzg at the end of the molecule acting as an electron-
gink. The positive fluoro-photopotential would indicats that
elaeotrons are probably tending to move into the benzene ring
fron the hydroxyl and/or saturated hexyl group or from the
solvent. The positive polarity in thia case appears to be
formed from the positive charge remaining on the projecting
eleastron-source hexyl or hydroxyl group or solvent molecule.
Sizilarly, with projecting electron-sinic groups, such as the
carbonyl, nitro, and sulfonic, the positive charge formed on
the benzene ring as the eleoctron-source group seems t0 cause
the nositive fluoro-photopotantial.

The behavior of quinine sulfate with sulfuric and hydro-
ehloris acidis, shown in Table VII and Fig. 21, 1s distinct in
that at the higher concentrations a lower fluoro-photopotential
is produced with hydrochloric acid than with sulfuric. The
addition of hydrochloric acid nay tend to affect the unsaturated
ethylene group by addition according to l'arkownikoff's rule
more 8> than the aidition of the sulfuric acid, or the negative
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chlorids 1iom may tend to block any effect that the solvent
molscule may have in donating electrons to the unsaturated
sthylene zroup snd beconing less negative.

Pogitive 0olloidal ferric hylroxide or negative colloidal
arsenious sulfide produced no potential when their disepersions
surrounisi the u»rodbs-point. The colloidal particle essumese
its oharzs by sisorbing lons from the diepersionsmedium, and
the zeta-potential 1s ooncentrated only in the Helmholts
Aouble-layer s» that no sleotric field from the charged par-
tiole osn exist remote from 1%; thus no charge wae detected
By the prode in the oollnid., Rut on irrelisting the fluoro-
photo-astivs moleculs, the nrodbe was rendered positive. If
ions are present in the solution, adsorption of them appsrently
does not take nlase by the excited fluoro-photo-active mole-
oculs, If a fluoro-photo-asctive molecule is sufficiently large
to be of 691loidal size, the electron-source still seems abdle
to influence the »nrobe-point steadily remardlese of the
slestrisal Aoudble-layer which might axist around the molecule.

aimarizatimn or polymerization might also occur between
two or mors fluoro-photo-sstive molecules at opprositely charged
groups or between a negstive group of one molecule and an
accepting slectrophilic group of another of the same kind,

This may acoount for the slow precipitation which occurs with
certain fluorescent substances in solution on stendinz as

mantioned 21 naxe,S9.
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CHAPTER XIV
ATNTR AL SIMMARY

Ths stulisas 2f the photovoltalec effect with metale were
nade with oooper, iron, zine, %in, and nmagnesiun. Of these
netalg, soppsr produced the larmest photopotentiale when
dirsctly 11lumingted with the incident light which wae internded
for fluorescenss exsitstion. The mode of experimentstion was
to paraffin the sensitlized copper electrode completely except
where the 1llzht struck the slectrode squerely. A plass mem-
brane wae also introduced in these etudies as the unirraliated
zlass sleotrode to sllow any elesotron concentration 4ifference
agross it to bs measured by a sensitive vacuum-tube electro-
meter. Ths zlass manihrans and paraffin coating aided in pro-
ducing largs photopotsntisls with the incident light tut very
poor photopntentisls were obtained with fluorescent limht from
solutions in which the photo-plenent was inmersed.

The lizht-sensitizing of the netal electrode war attempted
by two methode: (1) by hestinm the netal in alr anm? (2) by
shexical traatmant by immersioﬂ-in a sultable oxidizing solu-
tion. Janper produced good photo-elenents ty both of these
methods which, howsver, gsve opposite effects; heatinz in air
proiucedra photopositive element while imnersion overnight in
2 oupric nitwste solution produced a photonegative electrode.
The other metsls were light-sensitized by chemical means,

Althouzh the external dAry photo-e.m.f. cell has been shown
(33) to bs sensitive to fluorescent light domn to § x 10-5 mg.
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of sodium fluorsacein ver nml. of solution, theme photovoltale
studies with metsls Aid not produce sufficlently light-senei-
tive glgctroies which could he inmrmersed dlrectly inte the
flusreseant solution. This part of the research with metals
was thersfore shandoned and full attention given to the
photovaltais effsct »f fluorsscent solutions.

Ths stulies »f ths fluoro-photovoltalc effect with fluo-
rescent solutions pgave promising results. in especially
sensitive vacuun-tube elsctrometer wae used and the irrsilated
electrode wss merely an inert platinun point which was placed
in the fluorsacing volums., It wae found that non-fluoreseing
substances could alseo produce a large fluoro-photopotential
and this led t7 the conclusion that it was the peculiar struc-
ture of the fluorescent moleculs which produced a fluoro-
photopotential and not the fact that it was merely fluorescent.
Thoge orzanic substances, whether fluorescent or not, whieh
produced a fluorn-photopotential appear to have an unsaturated
group to which photo-glectrons can move either fron the organice
gubstancs or the sgolvent.

The fo2llowing are conclusions derived from the experimental
work on fluoressent sclutions:

1- Fluoro-phntopotentisls are obtainsble with organic fluo-
ressing al non-fluoresoing substances and not with
solutiong of acids, basges, salts, other organic solutes,
stc. (any effsct with inorganic elestrolytes as in group

3, paze ?, 18 too small to be of any significance in
these studies).

2~ Flusro-photonotantials are obtainable with organic
comounds which contain an unsaturated electron-sink

group and probably an eleotron sourae from the molecule

or the solvent. .
‘ A YD
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3. Jurfacs flusregeing solutions can yleld no fluoro-
photopotantisls 1 nmn. or more away from the surfsce;
voluns fluorescing solutions can yleld fluoro-photopoten-
tials throughout the fluoresoing volume.

4~ The nure solvents used in thess studies, such as water,
athyl algonol, methyl aloohol, benzene, etc., proﬁuoe@ no yarp
flunra-photopotential at the wave-lengths of ligh§§ The
solvent must be polar to produce a fluoro-photopolential
with a flusrs-nhnto-active molecule.

5- Removal s»f the incident light results in the fluoro-
photopotential returning to zero.

6- The polarity of the fluoro-photopotential ie poeitive in
all »f the cases studied here.

T- The aluminum-nontachrome fluorescing oomplex provides a
fluors-shotonotential whils its non-fluorescent components
49 not. The aluminum ion which can coordinate with the
two chroaophoric nitrogen atons may induce photo-electrons
to move from the gromatic rings towalde the nitrogen atoms.

3- Stirring prevents a maximum fluoro-photopotential from
being formel dus to equalization effects.

9~ The dielestric constant of the solvent can affect the

fluora-nhntopotential according to eleotrostatic and
glgctrolytic thsory.

179- Ths fluoro-photopotentials are reproducable and the
effoct is stable,

1l- Ths fluoro-phostonotential is proportional to the concen-
tration of the fluorescing molscule in volume fluores-
cence al not in surface fluorescenocs.

12- Ths flusro-nhotopotential decreases as the temperature
Inoreosses, as with fluorescance.

13~ Jeing 3 B. & 9. Ho. 24 gause platinum wire, a 1.5 mm.
lenzth is the optimunm size for the voint.

14- The xreater ths intensity of the light, the greater the

Tlunro-nhotonstential for all fluoro-photo-active sub-

ag§neos, indicating the photo-slectric nature of the
3& Q’Jt.

This fluosra-phnotonotentiasl method can be used as a
quantitgtivs tH91 for the determination of the concentration
of certain fluorsscant substancd® in solution which dieplay

volume fluorescsnce. The concentration of non-fluorescent



10

fluoro-photo-astive substances can also be determined Ly thils
method, Other uses for this fluoro-photovoltaic effect, which
can at present merely be suggested, are the checking of the
moleocul ar stricture of organic compounds, rapid dielectric
constant dseterminations of solutions, and studies on the
meghanism of chelation.

The probe-point assunes a oharge of the same polarity as
that of a "spaoce oharge” in a solution. There may be a
relationship bstween the excess oxygen atoms of the ocuprous
oxidis sami-condustors of Part I and the oxygen atome of the
sarbonyl photo-astivs negative nucleil of the fluord-photo-
active molecules of Part II. In Part I, copper when heated in
air shasorbed exscess oxymen stoms in the resulting light-sensi-
tive cuprous axids laysr and a photopositive electrode resulted.
In Part I, the fluoro-photopotential was found to be positive
in every case. In both cases of semi-conductor and fluoro-
photo-astivas wolecule, light probahly causes electrons aroumd
the oxygen atom to bscome activated.

This rasearoch indicates that this “snall effect”, which
Zworykin and ‘Wilson (73} claimed in 1934 to be "only of
acsiemio interest” (page 60), may be a useful analytical tool

a® well as a promising research phenomsnon.

-000 -
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