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STATEMBHT OF PROBLEM

The search for an sctiviby series of orgenic radicals that would aellow
one to predict with eertainty the progress and completensss of all resctions
involving compounds of these radicals as well as the physieal and chemical
properties of the compounds themselves iz one that hes occupled the time and
energy of many investigetors.

In the first of o series of papers attscking this problem Hixon and
Johns (30) made the statement, "If the electron theory of valence holds,
then the polar propertiss of eny series of compounds such as R(0H), R(COOH),
R(Gﬁz coon), R(CE, CH, COCH), R(NH,), #{s4), R{AsO(CH), , etc., must be a
funotion of the *electron-sharing ability' of the radicals R, if we exclude
from considerstion under R all groupings which themselves have polar
linkages." These investigators were able to show, b:ér making use of the
dissociation consbants in waber of the sbove compounds, as listed in Landolt-
Bornstein, that one order or series of the radicals conceraed is sufficient
Lo show the varistion in solidity of all the types of compounds studied.
This order of radicals, which is by definition an arrangemont in the order
of their "eleetron-sharing abilities™ has been given an arbitrary scals of
units with the hydrogen radical equal to zero as the basse., In agreement
with the original conception of elesctron-sharing sbility those radicals
which substituted for hydropen in s compound caused an inorease in the
acidic strength of %zhé compound, were called positive radicals and given
positive values of electron-sharing ability.

It iz reelized that the term e¢leetron-sharing ability (abbr. E.S.A.)

is & rather comprehensive term and that the E.S.A. of a radicsl is no doubt
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influenced by many things such as dipele moment, molecular weight, sterioc
hindrance, resonance, otc., but it is meinteined that the E.S5.A. of a
radiocsl i3 a funotion of the radieal itself and as such should govern the
influence of & radicel upon & compound or reaction into which the rsdiocal

is substituted, For exeample, since the ionization of an organie acid or
base is e reversible reaction and the course of such & reaction is governed
by the E.85.A. of the radicels voncerned, the course of other reversible
resctions should be governsd by the same fupotion of the radicals. This
hes been found to be true in the ceses studied: i.e. the condensations of
morcaptans with chloral {35) and the reversible splitting of the organo-
mereury lodides into mercuric ledide and diorgancmercury (34). Other papers
concerning B.5.A. have correlated this theory with the dissocistion in water
of the organomercury nitrates (33), the o\ -gubstituted pyrrolidines (23),
the A -gubstituted pyrrolines (567), the N-substituted pyrrolines (28), and
the dissociation in methanol and ethanol of exsmples of the above types of
compounds {28). Other iﬁvesﬁi@a%ars have made applications of the thsory
to the veriations of the refrasctive indices of organic compounds with sube
stitution (21), the variation of optiecal activity with substitution (46)

and the ﬁigylaaamﬁﬁkfaf ths frequency of Raman lires as radieals of wverying
E.8.A. were attached to the bond emitting the radiation {41).

It is the purpose of this paper to investigate the phenomena of molece
ular sssociation in all of its pheses and to apply if posaible the theory of
electron~sharing ability to such eguilibria.

The paper will be divided into three main perts:

1. The Effect of Substitution of Hadicaels of verying E.S.A. into
the Solute, or Assccisting Body, as evidenced by changes in

the Apparent Moleculer Weight of the Same.
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2. The Ei'fgﬁ‘h of Subgtitution of Radicals of varying E.S.A. inte
the Solvent, or Associatling Medlum, as evidenced by changes
in the Apparent Moleocular Weight of the Solute.

3. Application of the Theory to Related Phenomena in Organie
Chenistbrye.



PART CHE

The Effect of Bubstitubtion of Radicals of Verying
Electron-Sharing Abilities into the Solute,
or Assocliating Body, as Evidenced by
Chenges in the Apparent Kolecular
Weight of the Same

The knowledge that sssociation of vlements and compounds may occur in
both the vepur and dissolwed stoetes wes born almost as soon as methods were
devised for messuring the molscular status of materisls in these states.
Thug Dusss, Mitscherlich, Meyer, Biltez, Pebttersson and othem cocllected
date concerning the metels, non-gwtels, salts and oxides which showed the
sbove mentioned phenomenon itmking place in the vaper state while Raoult,
Beckmann, Paternc, Avwers, Vant Heff end others develuped the theories and
collected the data that form the basis for our modern knowledge of assow
eiation of organic compounds in solution.

In studying the collected dets thet were available Turner (60) came to
the conclusion that the tendency toward mssocietion of an organic eompound
in solution is dspendent upon the presence of certain electronegative groups
guch 881

-QH, -CONHp, -COOH, -NOH, -CN, -SH, -CSKH, ~CSOH, -NHp, -NO, -CHO
The asscclating power of these groups dropsoff very rapidly in the order
given, measurable associsbion not usually occurring past the -Hl, group.

It is not difficult to see the importance of the role played by hydro-

pen and esgpecially hydrogen attached to oxygen in this series. Indeed the
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most modern mannsr in which te consider mssceiation is o consider it as
boing due to the formetion of 2 - covalent hydrogen bridges or bonds be-
{woen the associating mlwu}‘%; This type of bond is by no means new having
been Lirst suggested by Iatimer and Rodebush (38) in 1820, nor is it cone
fined alone to ssscoistion phenomsna. The formsmtion of such a bond within s
aingle molecule is /wmd *eohelation®, while = s‘iﬁill more common exsmple is
afforded us by hyérwhim*

In this, the first section of the report, it is meant to investigate
the variations in the ebility of the hydrogens, in several of the above-
mentioned electronegative groups, to form such bonds {and cmuse associstion)
a8 redicals of different E.S.A. m attached in turn to the associating

group .

It is by epplying the ides of hydrogen bridges that we are able to pre-
dict & reletionship betweon the asscoisting tendency of & compound end the
E.8.A. of the radiecals attached %o the associating group of the compound.
This can be deone by considering the probable mechanism of the ioniszation of
orgenic acids in water from the standpoint of E.S.A., bearing in mind thet
the saxe argusonts apply to sloohols and smines.

It is extremely likely that the first remction that cccurs in such
instances is the hydration of the dissolved acid by the formation of just
such & bond as has been mentioned. This mey be repressented by the following

equation (1) in which the dotted line represeuts the hydrogen bond:
7 H /1 A
// _ —_— -
(1) K- C-0H —+ [O~//] /T~ C~0 Howo [0—,4]
n n




This step would teke place as soon as solution occcurred and is not restricted
to wmuber solutions, but slso happens in other solvents such as aloohols,
ethers, ketones, esters, aldehydes, eto., which contain an oxygen to which
the hydrogen of the acid mey be attaﬁh@d* The properties of such & compound
dissolved in such solvents are obviously those of the solvated or camplex
molecule . *

In the cese of such & solvent as water which has & very high dielsctriec
oongtant, & further reaction might be expected to occur on the basis of
Coulomb's law. This is the weekening or even scission of all essentislly
’1enic bonds in the molecule %o give oppositely charged ions, and in the case
of oarboxylic acids in water (also alechols and amines te & smaller extent)
such ionization doss ovcur end the nepatively charged orgenie redical and the
hydrated proton, or hydrogen ion are formed as shown by the following equa~
| tion {2):

? : 4 //0 B + A
/ —_— _
() /P'C~Oq;~/7°°° [sz/]n*—— [/z"c-—a-] + Hooo [0~//]n

It muet be obvicus that for the same solvent, the difference in the
jonization or completeness of equation (2) of & seriss of acids will depend
only uvpon the relative ionic or covalent nature of the original C«H bond of
the seid. For a series of aclds of the same structure this will depend only
upon the nature and properties of the radicsl attached to the cerboxylie
group. As indicated before, if the redieal bas & high negative value of 5.S.A.
{example CHz~) the bond in guestion will tend toward the covelent type and

but little ionizetion will ocour, while & radical of high positive walue of

* A comprehensive 113@ of references ecovering this subject is given by
Fricke (26).
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Ee8.h. (oxesmple CClge} will result in an ionic bond and strong ilonization
will oeccur,

If on the other hend the solvent in which the acid is dissolved is one
{such as benzene or hexane) with which there is no opportunity for the for-
mation of solveted complexes as shown in equation (1), two molecules of the
acid will cowbine with each other by the formation of Ywo hydrogen bridges

as shown in eguation {3):

f3) O ,(,) -— 2 /?’C"O//

This is "association™ and the strueture for the complex molecule is
known to be correct, in the case of the formic seid complex at lemst, by
virtue of the Investipgetion of the electron diffrsetion patiern of formic
acid vapor os carried out by Psuling and Brockwasy (47). The fact that the
upper limit of association of these scids in solution appesrs to be close to
two is also argument for ths double molecule postuleted.*

The double molecule of the smoid may be geen to contsin e ring structure
in which the two original O« bonds are integral gar%s. Therefore we may
say, by the theory of electron~sgharing ability, that the substitution of
redicals of higher and higher positive values of E,S5.A. into the acid con-
sidered should change the naturs of these O-H bonds more and more into the

fonic type until & point would be reached {depending upon the dielectric

* There is ne doubt that this formetion of double molseules alse takes place
in a solvent such as water or aleohel, but in these cases since the sol-
vent molecules so far cutnumber the solute molecules (in dilute solutions),
the tendency is for the solvation reaction to predominate over the asso~
ciation resction by virtue of mess action. This solvent sction will be
discussed in gresber detell in Section 2 of this peper.
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constant of the solvent) at which "ionization” would cccur end the ring

structure would be broken secording to equation {¢):

A ¢~ of s
° —— -
) o) —~———e - C-O-
. :" [I // Z 67 /! -~
/L/}lO" C‘ R Oooo ” |

The resulting compound or "ion" would immediately reerrange by a simple

shift of electrons to form the original acid {B):

f-gmo- | =—=  A-C=0

(5} 0’%/‘/ -+ O 4

Thus "those radicals which couse high ionizetion of acids end aleochols
in dissociating solvents sheuld cause low associstion of acids and alcohols
in asgociating solvents and vice versa.®

It is the verification of this hypothesis thet shall occcupy the ex-
poerimentel section of this part of the report. For reasons that shall be
digcussed with the sxperimental results the effect postulated should be gquite
suall and such was found to be the cago.

Experimental pert

Assovistion in wepor. The cholce of compounds to investigate with

rogard to their moleculsr stetus in the vapor state wes very easy inmsmuch
as only one type of orgenic compound is known to be associated under such
conditions, i.e., the carboxylic ascids. Since the effect to be studied wus
axpected to be guite smell, compounds of the type R-COCH in which the radi-
eals show large varistions in E.S.A. were desired. The compounds finally

chosen are listed in Table No. 1 together with the physical constants to be



used in the caloulation of the results. The purities were determined by
titreting & weighed sample with barium hydroxide using phenolphthalein as an
indicator. It mill‘ba notlced that the dichlero-scetic acid has e high neu-
fralisation factor indicating thet e small amount of the monochloro derivative
is present. The electron-shuring abilitiss of the verious radicals concerned
were teken fron the original paper by Hixon and Johns (30).

The spparatus used is shown by diamgram No. 1. The principle invelved is
in the messurement of the pressure developed by a compound when confined in a
known volume &t known conditions of temperature and concentraetion, In prac~
%ice the lollowing procedurs was followed. The compound to be investigated
wie sealed in o smll glass bulb and carefully weighed. The fragile tip was
then bound tightly with s small piece of strong nichrome wire and the entire
assenbly placed in the mercury well at the bottom of the barometric leg of
the apparatus as shown in detail 4 of dimgram Ho. 1. The oil bath was then
heated to 160 - 170°C. end the air pumped from the standard volume flask =nd
barometric leg by means of avpﬂmg attached to the outlet tube of the mereury
well, When this pump was removed the atmaspharig pressure forced the mercury
back up the barometric leg almost to the meeasuring index of the standard
wvolume flask, By connecting the pressure bottle to the mercury well and
'&yplying s soall smount of excess pressure the mercury lewel ocould be brought
to the index, indicating thet the entrapped geses (Hg vepor, residual air,
ete.) woere ocoupying & volume of 142.22 ce. at the temperature of the oil
bath., %he excess pressure required to do this was mwasured (accuracy 0.5 mm.)
on the open tube menometer also connected to the pressure bottle. Inasmuch
as the total pressurs invelved in lifting this column of mercury ia the sum

of the atmospheric and the so-called excess pressure, it wss always neceassary
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ean ensily be derived from the eguilibrium expression:

/7/ _ ;CDKZXQ-CZV)ﬁQe
F Z(ﬂzj 6%5-60062)7

by using the delinition:

g — Bxperimentel melesular weipght
Theoretical molecular weight

The results have been put into graphical form on greph No. 1 in order
that the quality of the agrosment may be seen. From the slope of the line
the heat absorbed et constent volume by the reaction under consideration has
been cealeulated and found to be sbout -15,700 ealeories. This valus has been
determined several times before, onee by Fentom and Garner (25) who obtained
«13,790 calories and once by MacDougel (40) who obtained ~15,800.

The other compounds in the chosen series wereo meansured in the same way.
Due to the fact that they are all less volatile than acetic smeid, correspond-
ingly smsller smmples must be used end sccordingly less sccurate results were
obtained. To show the worst of this the data obtained with two runs made
with trichloro-scetic aeid are given in Table No., 3. As may be seen the
results are very close to the theoretical sc it mey be sefely asserted that
no messurmble egsocietion cccurred. However, since the temperatures were
higher and the pressures were lower {both factors tending to reduce asso-
cistion) our results do not have the same order of sccuracy that they hed in
the case of acetic scid, I we allow that the accurscy of the results is

gertain within twe melecular weight units we would have:

R_ 168.4 _ 1,012
163.4

and

K= L012), 760 _ 0,187
= {.588)* "B0
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TABLE RO, 2

Holecular Weight of bcetic Acid Vapor as a Function of Temperabure
(Theory 60.00)

Total
Pregsure
Residunl Air
Compound

=

243.2

233.6

222.8

210.9

199.1

187.3

174.7

165.9

Pregsure Pressurs

ef
Residual ¢

Alr

113

97.9
95,3
92.8
80.1
87.8
85.2
82.4

80,8

(Sample We

Caloulated

emgiund ¥olecular
2] Yeight
145,.3 64,17
138.3 65,980
130.0 €8 .56
120.8 71.80
111,3 76 .05
102.1 80.78
92.3 86,96
85,4 91.80
ight

R N
Lale, M
Theory ¢
1,069 0,418
1.088  0.662
1.148% 1.14
1,188 1.94
1.267 3,38
1.345 6.02
1,449 12.2
1.525  20.7

0.04960 gram or 0.000827 mol.)

179

277

484

772

1,812

2,276

4,480

7,410

Logzaka

2.250

2,443

2.667

2.888

3.119

3.387

3.652

3.870
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Temp.
of
Determinntion
°g

170
165
160
166
150
145

140

TABLE KO. 8

Holecular Velight of Trichlorvacetic Acid in the Vapor
State as & Punction of Temperature
{Theory 183.5)
Bun FKo. 1 Bun Ho. 2
Pregsure of Acid Calenlated Pressure of Acid Celeulated
¥olecular Weight Holecular Welight
49,9 mm 162 48 .7 182
50,8 mm 158 47.9 163
4842 rm 182 4745 160
47.9 mm 161.5 46 .4 162
condensed 48,6 163
0.,04190 grams 0.0408 grams
Sezple 5000256 mol. Semple 000250 mol.
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Thus the association constant of trichloro-scetic acid may well be as
large as 0.19 for any temperature betwsen 140Pand 170°C. as far as the
suthor's results are concerned.

The other acids measwred showed apprecisble assoclation as is shown by
the date in Teble Ho. 4. Benzodo acid is omitted from this table because
no consistant results could be obtained owing to its low vapor pressures at
the highent temperatures possible with the epparatus. Indications sre, howe
ever, thet it is only elightly less sssccleted than is seoetic aecid at the
gaune temperaturs.

The asseciation constants contained in Table Ho. 4 are arranged in
graphical form on graph io. 2 whereby it may be sesn that the prediction made
in an earlier portion of this paper has been upheld by experiment, for ss the
electron-sharing ability of the substituted radicsl does increasse so does the
agsocintion of the corresponding seld decrease.

Inssmueh as the ratio of the dissociation constants in wabter of the two

aoids ohlore-~scetic and acetle ise

5° _
/{(iﬂ. ( CheC/ COOA/) _ /J'J: X /0_‘:‘ - yé
/rii ( CH3- CooH) /£ X /0

1
while the ratic of the disscoiution constants fﬁ;j of the double molecules

of the sawe two scids in the vepor phase is:

/35" /
/7/6//.'55 {cHec/ cooH) - /?7") — e}
/r(;f; (CHa-CooH) ( 71.1%)

the smaller effect of variation of E.S.A. in the substituted radieal in the
second place can be realized. It is interesting to speculate as to the probe

able reason for this end also why the carboxylic scids are the only type of
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organisc molecules to be aseociated in the vapor state.¢ Since the vapor
densities of alcohols, and of mixtures of alochols with ketones, with ethers,
and with esters are known to be normml, the presence of an 0H with a group of
the type (=0, or C~0-C, or C~0-R gannot be responsible for the association
of the carboxylic acids.

If we examine closely the structure of the double acid complex, we may
note that the following equilibrium may be written on the basis of an eleo~-

tronic shift:s

R_ C"'O"‘f/ F*-?:Oooo///
(i), /?’ et ’0 0
g —— /
H-0-C-K Hew0=C- 1

This is "resonsnce"™ and it is well known from the work of Pauling and
his collaboretors the importance of this type of equilibrium in stabilizing
& molecule, The conmbribution to the stability of the single molsculs of the

type R COCE by resonsnce betwsen the structures:
, 5-

= _ -4
- , - C
7o x S,

has beesn esblmmted from thermochemical date and found to be of the order of
27,000 oelories (48), so the contribution to the stability is gquite large.
Inmsmuch 8 complete resonsnce (i.e. formation of identical struoturss) ean
readily be obteined in the oase of the double molecule and can only be gb~-
ained in the case of the single molecule with 1004 lonization, the double
molecule should have energy of stabilizetion over and sbove that of the single

molecule. This is the basis for the siatement mede seversl times previously

* Schulze (54) coneluded from his experiments that nitrobsnzene might be
slightly assoclated wnder such conditions.
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that the effect of substlitution should be less in the cese of association
then in the case of lonization.

Assoeiation in selution by ebulliscopic and eryoscoplc methods. The

cholce of possible cumpounds to investigate in solution was much greater than
wes the ease in the wvapor phase problem since many classes of oc:mémmds are
Enown to be asscclated under such conditions. However, the seme geries of
acids used before was still available and so was also used for this section
of the work. The choice of solvent was also to be decided and this proved to
be somewhat of a problem. In selvents such as benzene, toluene, naphthalene,
chlorofornm, carbon disulfide, ethyleme dibromide, chlorcbenzenses, chloro-
tolusnes (17), ete., in which there is no opportunity for the formetion of a
solvated complex, the carboxylic mecids of all types are known to be practi~
eally 100% associated to the double molecule at sven low concentrations. It
has been shown, however, that even in these solutions normal molecular weights
and weights approaching the normel mey be obtained if sufficiently dilute
solutions ere used (50). The spparatus avsilable to the author reguired a
more conoentrated mixture to give mccurste results so & solvent, in which the
carboxylic acids were only slightly associated at medium concentrations, wes
desired. Such a solvent was found to be ethyl ether in which Beckmann (12)
determined the moleculasr weight of benzole acid to be 134.56 at a temperature
of 34°C, snd s concentration of 1.8 normal.

The method adopted by the avthor for this investigation used an apparatus
with which the difference iun pressure, that would csuse & solution and sol-
vent to beil st the swme temperature, could be measured. This apparatus is
shown on diagrem ¥o., 2. The ether or etheral solution was conteined in the

three-neck flask and boiled at & constant rate (as indicated by drops from
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the condenser tip), the bolling tempereture being governed by the pressure
above the liquid in the {lask. This pressure,or rather vecuum, was measursd
sceurately by means of the mlﬁmé tube manometer shomn, with which an
soouracy of  1/80 mm. could be obteined. As before it was necessary to resd
the barometer at the beginning and end of sach run end make corrections for
aﬁy change in atmospheric Wsmxxﬁ. The metual tempereture of ebullition was
given by the tenth degree thermomeber over the bulb of which the boiling
liguid wes pumped by the vepor lift pwap. With the apparatus as shown it wes
possible to boll ether for six hours st e time without a change of over 0.019C.
oscurring in the bolling peint, if eorrections were made for the chenges of
atmospheric pressure occurring during that interval.

The sctuel procedure used inm meaking a run was as follows: the round
botbon flesk was disconnected {from the condenser and transformer, cleaned and
weighad to 0.1 gram on & sensitive pan balance., 4About 200 - 250 grams of
anhydrous ether were thon added and weighed to 0.1 grem. The flask was sgain
sormected to the rest of the apparatus and the ¢ther boiled at atmospherie
pressure and at the standard rate for 30 minubes to expel all dissolved gases.
The pressure was then gradually lowered until the ether was boiling st a
tomperature of about 19.5%C. This wes done slowly and with a good circulation
of wabter through the condenser to prevent the loss of ether. After boiling
at 19,59, for ebout 10 minutes to insure that temperature equilibrium hed
been obitnined, the pressure wes gradually raised until & boiling point of
19.95°C. (approx.) was reached. From then on the "natural lesk" of the ap-
parabtus was allowed to incresse the pressurs end hence the boiling point.

Dus to the large volume of the veouum botile, this change in pressure was

very slow and a period of from ten to fifteen minubtes was always required for



the boiling point of the ether to ascend from 19.97°C. to 20.00°C. As soon
as the 20-~degrse mark was resched the inclined mancmeter and the barometer
wore read. In the same way determinations were made at various temperatures
up to the bolling point of other st atmospheric pressure. The ether was then
cooled below room temperature, the condenser mowentarily removed and an accu-
rately weighed quantity of the mmterial to be investigated added to the
ether. The gondenser wes then replaced and the vapor pressure of the solution
determined at warious temperaturss exactly as before. 4t the end of e run,
the round bBobtom flask wes weighed to determine the loas of ether. This loss
usually smounted to about half a gran.

The mothod wes checked with naphthelene which is kmown to exhibit normal
molecular behavior in such s solution. YThe data obtained are given on the
following page by which one may see the excellent mgreemeut obtained. Zhe

melecular weizhis wore caleulated by use of the simple Reoult formulas

c/la £ = mol fraction (solute)

Beveral gsources of error may be pointed ocut in the method and caleula-
tions employed. It may readily be gesn that the abillity to obtain checks
will not depend on how exactly the boiling temperature can be determined but
rather on how sccurately the solutien and pure solvent can be made te boil at
the same temperature. The thermometer used had & spacing of about 1 mm. be-
tweon tenth degree graduastions so it wes possible by msana of a magnifying
eyepiece to obssrve to within 0,005%°. when the mercury thread was exactly at
the half-way point of the lines indicating the even degrse and half-degree
merks. However, as ils usual with thermometers of such a fine bore and large

bulbs, the device had an appreciable pressure coeffiecient, that is, changes
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DATA SHEET RO. 1

¥Welight ether — 215,56 gram — 2.912 meol
VWeight nephthelene — 20,00 gram — 0.1562 mol

Caloulated mol fraetion _ _g,%i_ﬁgg —0.0508

Tamperature
of Run

20.00
22.80
25,00
27.50
30.00
32.50

mm&fﬂtﬁ!—*g

Vapor Pressure
of Pure Lther

440.8 mm
487.1 mnm
537 .0 mm
591.3 mn
662.1 mm

7153 mm

Caloulations

dP for
Belution

- 24,65 mm
- 27,10 rmm

29.99 mm

36.20 mm

]

¥olecular ¥gt,
?

128.0
128.7
128.9

128 .7

128.0

128.5

bBetermined
Kol Fraction

0.0808
0.0506
0.0506
0.0506
0.0519

0.0508
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in the pressure of the almosphere surrounding the bulb are able to produce
changes in the zero point of the instrument. Inasmuch as ths pure solvent

and the solution when boiling at the same temporature were necessarily at
different pressures, ths error introduced by this pressure coefficlent may

be seen. The megnitude of this error was debermined in the following manner.
The prossure coefficient of the thermometer was measured by the Bureau of
Stendards method as outlined by Reilly and Ese (B3) whereby it was found that
480 mm. of mereury would ralse the zero point 1/10 degree cemtigrade, Hence
the solvent smnd solution employed in run Ho. 8 (32.50°C.) while appsarently

et the sawe bemporeture, due to the pressure difference of 36.2 mm., the one
boiling at the lower pressure (i.c. the solution) was necegsarily about

0008 - 0,009 above 32.500°C. This is equivalent to abmri: 0.2 mm. in pressure,
also too high, and so the trus dP for this ram would be larger, or about 36.40.
This result would give & moleculsr weight of about 127.2. On the other hand,
if we ars to use the more thermodynamically corrset expression for Hsould's
laws

~

X =vwgt. naphthalene
£ =density ether

Molecular Weight=L/7] L % 7-? 1/ =vol. of solutien
rv m=mol. wgt, of ether

g =V¢P' ‘Qf eth&l’

P =V.P. 0f sclution

.

We find that the moleculear weight for mgzhthalam' in ether according to run

Hoe § iz sbout 129.8. Henoe these two errora just about compensete for each
other and in meking the onleulstions neither was considered. FProbably the

interpretation of any molecular weight date, obtained by crycscople or ebul-
liscopic methods, to such & fine degree is mjustifisble becsuse of our lack
of knowledge of the liquid stete.

The deta obtained upon acetlo seld solutions using this apparatus and
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procodurs are given in tabular form in Teble No. 5 and in graphical form on
graph Ho. 3. No attempt wes made to caleulate any equilibrium constants or
heats of resction from these data since the results shown are probably not

governed predominantly by any reaction such as this:

2 CH3 Coot =— [Cé/g‘COO//}

2

but instead by s remetion such ms this:

2 (Ce#s)e O HOC-cHy = 2/Catis)-O + [Cyg -500//]
2

O

Instead the essoecistion indices "R" where H represents the retio of the
measured molecular weight Yo the theoretioal were caloulated, These indices
are given in Table Ho. 6 and pletied én graph Ho. 4 of this répart. The
data were put inte this form for only one comncentration, namely 0.05 mol
fraa%&an, and the igures used were well rounded values in all cages, f[or
- exsmple, trichloro-acetic acid' gave R's of about 0.96 to 0.98 at all tempera-
tures and concentrations investigeted, so in the table and on the graph the
average velue of 0,97 (aggrax;}fwaa'ugeﬁ.

A& soarch of the literaturs revealed that data were available on three
of the acids used in this series, nsmely benzoie, monochlore-acetic, and tri-
chloro-acetic. The results found by Beckmann {12) on benzeic ecid have been
mentioned before and the approximste sgreement may be seen. BReoult (52) de-
termined the veapor pressure of ethor from trichloro-acetic acid solutions at
15°C. and obtained normal values indicating neo asscciatien. The author's
results check this within seversl percent, However, the agreement bebween
the author's values for moncchloro-acetic and the the walues found by Tellen
are not very good. Tollen (59}, by the boiling point method, found values of

about 90 - 92, while the author found wvalues from 95 - 97, depending upen cone



PABLE NO. 5

Table Showing the Molecular Weight
of Acetic Acld in Diethyl Hther as a Function
of Temperuture end Concentration

ﬁfgigh Yeasured Molecular Wgt.
Bun He. 1 Run ¥Ho. 2 Run Ho. 3
Hol frac.— 0,025 Mol frac.— 0.0482 Mol frac.=— 0.0935

20,00 75.0 73 74.2
22.50 71.0 71.8 73.3
25600 68 45 6245 T2.8
27.50 70,0 70.1 71.9
F0..00 B3 .4 T0.1 71.3
32.50 68 +4 68.6 71.2

(Theoretical Mol, ¥gt. 60.0)

TABLE HO. 6

Table Bhowing the Assoclistion Indices of Verious
Carboxylie fcids as a Function of Temperature

?gi%%h ﬁﬁa COOH  Cgllg COOH ngﬁl CO0H CHCl, COOH CCl 3 COOH

20.00 1.22 1.10 1.04 0.99

22.50 1.20 1.10 1.04 0.99 "
25.00 1,08 1.02 0.99 ola7
27.50 1.17 1,07 1.01 0.98 1
30.00 1,17 1.05 1.01 0.98

32 .60 1,14 1.08 1,006 .98
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sentration. No reason is known for this diserepanecy.

Reverting to the grephical swawmry of the results ss given on graph
Ro. 4, it may be seen that again verification has bsen obtained for the
| hypothesis that the substitution of radicels of higher E.8.A. into & carboxylic
acid should reduce its messured ssscciation with respect to the oth;r menbers
of the series.

In addition to the results on ethyl ether, which have been discussed,
date wore also obtained on the same serics of acids using acetonms (B.P. 56°C.)
and methyl scetate (B.P. 57°C.} as solvents. In methyl acetate, slightly more
association was found but curves of the same general type were obtained as in
the case of diethyl ether. In ascetone abgolutely no asscciation could bs
found, éven acetic acld showing e molecular weight sbout the normel., Evi-
dantl& the complex between the scetone and the acid moleculss is very easily
formed and very sbteble., PFavtors affectling the stability of these complexes
will be discusged in the second section of this paper which deasls with this
solvent effect.

Uther series of compounds (than the K<COO0H) could be used as the solutes
in suitable solvents and presumebly the same phenomena would be obsgerved. If
this were te be done, it would be necessary to choose for substitution only
radicals that contained no groups that could associate or be associated with
in order that consistant results be obtained. Inssmuch as there are con-
siderable data in the literature that csn be treated in a more or less satige-
facbory manner by the hypothesis in question, thls will be discussed and the -
reppinder of the author's valuss omitted.

hwwrs (2, &, 4, 5, 6, 7, 8), Biltz {18) and their coworkers completed

an enormous smount of work invelving the asscciation of organic compounds in
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benzene end nephthalens. Some of these compounds, notably the aleohols and
phenols, are assoclated only to s slight extent under such conditions, and
hence differences in the B.S5.4. of the radigals concernwd should be operative
in causing mﬁaﬁuraﬁlé differences in assocliation., The results of Auwers have
beon put into graphical form on graph Ho. & whereby it may be geen that approx-
imate agreement with those postulated is obtained. A search of the literature
revealed no examples of molecular welght determinations of the aliphatioc
aloohols in naphthalsne, hence ne points for these radieasls could be plotted.
The slope of the curve is therefore very uncorisin which is the reason for its
dotbed characher.

On graph Ho. € are plotied the results found in the literature for the
same series in benszene. Ihe agreement with the results postulated is very
good with oune excepilon, l.e., phenol. Ho explanation can be offered for the
large disorepancy in this cese, although it mey bs poinbted out that the sepa-
ration of & solid solution insteed of the pure solvent, in a eryoscopie deter-
minatlion, always gives results that may be interpreted as association of the
golute. The genersl incresse of association of the Re(H gories in benzene
over that found for the same series in nephthalene is very probably dus to
the ?5964 difference in the determination temperatures of the two solvents,
that of benzene being the lower, and not to any grest difference in the sol=-
vent action of the two solvents.

An interesting gﬁinﬁ regarding E.5.A. mey be brought out by s discussion
of the associstions of the aliphatie aleohols. 4&s may be seen from graph No. 6,
ag the molecular weight and length of the hydrocarbon chain increase, so does
the msasured esscociation decrease, reaching en ssympbotie minimum at about

C?ﬁiﬁ* or Cgﬁi7“' Sinee the E.5.A.”’s of all these radicals mre essentially
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the geme, this behavier is contrary to our hypothesis regarding E.S.A. and
agsociation. It ie belleved that this is the effect of the "steric hindrance
factor® of B.S.A. meking itself known in an exalted manner due to the close
position of the sssocisting group to the gubstituted radical., 4 similar
effoct is not found in the case of the acid series R COUH where the grow is
further away. In alcohols containing strongly branched chains such ag trie-
othyl earbinel, the effect is stlll lerger while the simplest alechol pos~

~ gible, i.e., H-0H is the most highly ssscciated of all,

Curves such ag those given on graphs Nes. § and 6 may be obtained in-
definitely with the data aveilsble in the literature covering verious classes
of compounds in vaerious solvents. In ell cases investigated by the author,
good o falir sgreement with the hypothesis was obteined. As mentionsd before,
ecore must be teken Yo choose only radicals thet contain no asseciating groups
or groups that mey be associated with. An exmmple of the type of result obe-
tained by this sort of error is as follows:

Phenol in nephthalene is sssoclated about 14% at & concentration ef
0,04 mel, solute in 100 grams of solvent. C-hydroxy benzsldehyde is asso-
ciated not more than 1% under the same conditions, hence the conclusion might
be drewn that the aldehyde group is a growp of very large electron-sharing
ability. If this were true, then p-hydroxy benzaldehyde should alsc be
associated considerably leas then 14% because the substitution of & group of
large E.S.A, in either the ortho or para position of a phenol cuts down agso-
ciation. However, p-hydroxy benzaldehyde associates sbout 78% at the same
concentration as the other compownds. This apparent contradiction can be
explained very readily. In the case of the ortho derivative, thers is oppore

tunity for the formetion of & “chelated" molscule by the establishment of a
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bond between the hydrogen of the hyéreﬁgl and oxygen of the aldehydie group

Yo give such & molesoule as this: \
/C_-:Q
s
—o—H

This type of molecule has besn amply confirmed by meny workers (55)
using divers methods of attack such as absorption spectre, vapor pressure
and so forth. Sinee the hydrogen in such a molecule is already essociated,
it cermot be used Lo form doubly covelent bonds with ether molecules, hence
the low assosiation of O-hydroxy benzaldehyde., On the other hand in the meta
and in the para derivatives the hydroxy group is so far removed from the
aldehydic group that the possibility of such en intra-molecular bond is ex-
cluded on sterocochemical grounds. In this case the inerease of the molecu-
lar complexity of these compounds mey be attributed to the férmation of

molecules of the type:

" H
/ /
/7L 0- Cgﬁ%—“ C‘~=O°°O H—O- Cé //4. CéO

Thus the effect of the E.S.A. of the radicals concerned has been wvestly
overshadowed by other effecta. This is quite a general happening when groups
containing oxygen are substituted in the three positions of the bengzens ring
of & phenol as may be seen from the date in Teble Ho. 7.

However, the theory of electron~sharing ability cen be aspplied to com-
pounds of this type if we keep the conditions constant except for the radi-
cals substituted. On graph No. 7 are plotted the asscciations in percent of

various orgeniec compeounds of the type:
/

/T— [-/?—— ]~ 04
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as radicals of verying E.S.A.'s are substituted within the parentheses.

By this method of treatment (which gives good correlation) the assump-
tion is mede that the E.5.4. of the substituted radical is not changed by the
svxiliary group occupying the para positien, an sssumption that is probably
far from the truth. However, the reletive order of the radicals would not

be changed and thisg is the Important thing in any case.

Disoussion of results

The tebles of data and the curves presented in the preceding pages sll
do show the close relationship between the elsetron-sharing ability of radi-
cals and the mssociation of compounds centaining these radicals. The order
end direction of the effect is as predicted by use of the theorstical oon-
siderations in the initiel pages of this report.

It has also beer shown that depending upon the solvent, the solube, and
verious other factors, the effect sought may be masked by other cccurring
phencmens of groster magnitudes. In connection with this, the role of sterie
hindrance in producing the resulte observed should be considered, for it is
true thet in the series of radicals being investigated the positive electron-
sharing sbility end the sterie hindrance do increase in mpproximately the
same order. While the fact cammot be denied that a portion of the results
souid be attributed to steric hindrance, this factor cen not be epplied in
SOmEe CRSGS, ©.[., the para substituted phenols or the carboxylic aclids, and
in meny others it can be shown to be inoporative. Thus Auwers and Orton (9)
found that phenol and ortho-crescl were associated to about the seme extent
while ortho-chlorophencl was asscociated scarcely at all under the same con=~
ditions. PFurthermors, the ortho bromophencl was essoclated slightly more

then the chloro derivative. These facts are easily explained by the hypoth~



esis of electron-sharing ability, while the steric hindrance of the radicsls
gsoncerned seems to play but little part, Numerous examples in which the
chloro and bromo derivatives have asbout the sems association index may be
found in Taeble Ho. 8, By steric hindrance the chlore should be more highly
combined {i.e., ochloro is smaller group), while by electron-sharing ability
they should be about the same and this is what is found to be the truth of
the matter. Since the ilode derivetives are found to be less associsted than
the chloro or bromo analogues in prectically every case, it was concluded
that in this instence the group had become largse enough to bring the sterie
hindrance faotor inte play. For this reason no lodo derivatives were conw
gidered in the first section of the paper.

In conclusion it must be emphasized again that the coneclusions reached
with regard to the carboxylic acids and the slcohols apply also to all other

classes of asscciating compounds in which the formation of doubly covalent

hydrogen bonds is the modus gperandi. Data are not so numerous for these
enges although fair corrslation can be shown for the primery amines and
oximes. In connection with these the work of Hunter (31) in esteblishing the

faect that hydrogen is necessary for assceiation should be mentioned.
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PART TWO

The Effect of Substitution of Radicals of Varying Electron-
Sharing Ability in the Solvent as Evidenced by Changes
in the Apparent Moleculsr Weight of the Solute

Foreword

fh@ offect of tho cholce of solvent upon the association of the solute
is very great. For nearly every asscciating body a range of sclvents (and
concentrations) can be found that will take the solute from & molecular
status of several times normsl to one thet is normal or even less then nor-
mal, This does not seem 1llogicel considering the very great concentration
of the solvent molecules with respect tc the solute mnd the intimate esction
that is known %o exist between the solvent and seolute in meny cases.

Sueh & varistion in properties has attracted the atbenbion of many
researchers and various ideas and theories have been advanced to explain the
obsorveble phenomena. The most widely mccepted of these 1s one that would
correlate the "associating power®™ of a sclvent upon & solute with the di-
slectric constant or specific inductive capecity of the solvent, the relation~
ship being an inverse one. This theory bas had falr success in explaining
solvent sobtion and is apperently on & firm theoretieal bagis. However, the
suthor would like Yo show that in the light of the more modern theeriaes of
valency the theoretical foundation is really rather unsound and to show that
the Pacts available can be explained more simply and with better results by

viewing the problem in the light of "Electron-Sharing Ability."
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The present theory of solvent effect upon association has the same
theoretical background as the 't:héary covering the solvent effect upon dig-
sociation, in fact the firstementioned theory was derived by analogy snd
comparison with the second. Let us then, consider the hypothesis covering
the solvent action upon dissceistion of the solute,

There is a law, known as Coulembs lew, that gives us the attraction or
repulsion of two charges "a," and "a," sepsrated by a distence "a" in a
medium of dielectric constant "D%:

F = force in dynes

/[1 o/ Q. a. d = distance incm.
_ D a 8,8, = charges in E.S.U.
D = dislectric constant

Thus, because of the inverse relationship of "D" to "P" in a medium of
high dielectric congbant, the force between the charges is reduced and a
gmaller external force would be ‘aufﬁaient to separate the charges than would
be reguired to seperete the same cherges in air,

The mechanism of this behavior is as follows: when & dipole (two charges
separeted by e smell distance) is imwersed in e medium of high dielectriec con-
stant*, the field produced by the dipole tends to orlent the permanent dipoles
of the fluid and to produce temperary dipoles sach of which are orlented in

such a maoner thet thelr field is cpposite to that of the original dipols st

that point. Thus: [ X‘/ X/M
(hduced and R4 Origimal ol ipole

oriented a’z'/@ofc,s/ ) 9——-&1 {/Jaxa-——w
\ f + +

* Physically spesking, the possession, by a medium, of a high dielsctric con-



‘%8—

The offect of all these induced and oriented dipoles is to reduce the
fiald of the original dipeole and since the original charges of that dipole
ecan only exert an etiraction through their fislds, their attraction for one
another is thereby lessened. Isnee in e medium in which a fisld can produce
or orient dipoles, an ionic bond {which is an example of such e dipole and
has an accompanying field) is the means of its own d@struction. In a solvent
of high dielectric constent, e.g., one in which a small fleld is able to
vroduce & large orientation and induced effect, the ionic bond may be so
weakened that it prectically falls agarﬁ and the phenomenon of ionization
occurs. This hypothesis which is known ss the Hernst-Thompson rule, has been
experimentally investizated by meny workers, especially #alden (61), and very
good agreement between theory and fect has been obteined. Furthermore, the
epplication of the more modern theoriss of wvalence and ideas concerning the
nsture of the ionie bond only stremgthen this theory.®

In his investigation of the ionizing power of solvents, Walden also
derived an order of redienls, the substitublion of which inersaged the di~
electric consteant of the solvent in gquestion. This order is:

-1, -Br, -Cl, ~F, =lHy, =C¥, ~COOH, ~CHO, ~CC, ~HO,, -OH
end the srrangement is in order of the increesing effect.

Several years previously Auwers derived from experimental data = series
of radicals that when substituted in & solvent exerted a "normelizing" in-

flusnce on the molecular weight of the dissolved solute. This series

stant indicetes the presence of permanent dipoles in the medium, or & molecu-~
lar structure such that an externsl field is able to stretch the electriesl
charges of the molecules apsrt to produce temporary dipoles, or both.

* It ghould be noted, however, that exceptions can be found (notebly in in-
organic structure) and the search for the weakening effect on the bond by
the use of other experimental methods, such ss Haman frequency variations,
vield very meager results (62).
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is:
~C1, =Br, =I, =NO,, ~COOR, ~CN, -CHO, -NH,, -COCH, -OH

and the arrangement is again the order of the increasing effect, that is, in
solvents containing the OH radical there should be but little association.
The similerity of the two series in question is at once apparent and Nernst,
Yeldrum and Turner (46) all sugpested that the dlelectric constant of the sol-
vent was probably the controlling factor in the association of the dissolved
solute. The following table (No. 9) taken frem Turner's book, "Noleoular
Association” shows the agreement obtained by such & hypothesis. As may be
seen, there is rough qualitative agreement in many cases. However, the oxy-
gen eontaining solvents such as the slechels, ketones, ethers and se¢ forth
show wide divergences from their predicted behavier in numerous instences,
and there is an obvious need for e theory or postulate that will give better
all around agreement.

let us return momentarily to the mechanism by which sn ionic bond is
weakened in a medium of high polarieing ability. If the two charges, posi-
tive and nepgative, in the original dipele can be considered as exchanging
places very rapidly, we cen sse that the orlented end the induced dipoles
would alse have to reverse their direction just as repidly in order that the
same weakening effect be produced. For & very rapid alternation in the rela-
tive poslition of the charges of the original aipéle and hence the same rate
of change of the polarizing field of the dipole, the induced and oriented
dipoles of the solvent might be expected to lag behind and not keep pace with
the change and so the relative weskening effect of the polarisation of the
solvent would be diminished, This inability of the solvent to keep pace with
high frequencies is & welle-iknown effect* end is the explanation of the

* See Smyth for a more detsiled account of the effect and the experimental
evidence confirming ik,
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variation of the dielectric constant of & fluid with the wevelength of the
rodiation aseting upon it.

Ageording to quantum mechanies the formation of an ionle bond between
two sboms results in the actual transfer of an elesctron from one atom to the
other, the ilons thus formed being held together because of coulombic attrac-
tion. Such & valence bond does consbtitubte s smsll dipole and would be ex-
pected te have a strength dopendent upon the dielsetric constant of the fluid
in which it was immersed. OSodium chloride is an example of & compound cone
taining an ionle bond and ons that does ionize in solvents of sufficiently
high polarizdbility. On the other hand the formation of & covalent bond bew
twoen btwo atoms results in the sharing of en orbital electron of negative
apin from one gbom with an orbital elsctron of positive spin from the other
aton, the energy of bonding between the two atoms being the result of res-

onanee of the molecules bobween the structures:

i

where the direction of the arrows indicste the direction of spin of the
bonding elecbrons. In such a bond there is no transfor of charge from ons
atom to another, or il' any such transfer is thought to teke plece, it pust
be completsly end very repidly reversed. It is obvious that sueh e bond will
be effected not et all by any solvent effoct caused by polarization. The
compound methane is en example of u compound conteining only covalent bonds
and it is well known that this compound shows no evidences of ionioc disso-
clation in solvents of even the hipghest dilelsetric consbant.

The bond formed by hydrogen upon assccistion is of this second type,
thet is, if the hydrogen epparently links together two groups or atoms, "A%

end "B", we will not be able te say to which atom the hydrogen is really
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attached, in fact such & statement has no meaning as the true state of af-

falrs is & resonaiting structure between:
At :B=1# //NB

in which the hydrogen is sttached momentarily to one end then to the other
of the groups concerned. In guch & bond or "hydrogen bridge", as in a trus
aovalent bond, any trensfer of charge must be very rapidly reversed. Esti-
mates of the rate of this reversal have produced a figure in the order of
1015 times a second. The field of any "hydrogen bridge" would then so far
outetrip any solvent effect that no solvent could exert any influence on the
strength of the bond, spesking from the standpoint of dielsetric constent and
polarizebility. Reference to the dete in Yable No. 9 will in feet show that
solvents such sas ether and alechol are Just es effective in preventing asso-
olation #8 is wmber although the sonstant in question for weter is 66 as
egainst 18 for aloohol and 4 for ether.

If the dielectric constent does not have any effect, what then are the
characteristics of & solvent that cause it to affect the golute in such e
powerful meaner? It is the opinion of the author that the chemical structure
and composition are the most important facteors and these are important only
inasmuch ss they afford or give opportunity to the solute to form solvated
oomplexes with the solvent.* BSeversl examples of this mction will be given,

On graph No. B are plotted the sssoelations in naphthalene of phenol and
varlous substituted phenols as & function of concentration. First let us

consider the case of phenol itself, IFf we can assume that at low concene

# This interpretation of solveont setlon is not entirely orizinal with the
suthor. Heisenheimer and Dorner (44) as well as Philbrick (51) heve
provicusly expressed the belief that the formetion of solvated complexcs
is a big factor in the solvent effect.
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tration the association proceeds to the double molecule, we may write the

ggustion:
2 Cols 0f Cols-OH 200 HO- Ce A5

for which the eguilibrium expresslon and constent sre az follows:
_ .80°
Ko H OB —association constant of
phenol to double molecule

Jo ( C10%s )
= —CM =gl 4 C{~0HoHO~) —concentration of doudble
Celsolf [C o) ;ZI molecules of grouping (-OH"“”O‘)

COH = concentration of single mole-
cules containing O groups

-

At & mol percent concentratlon of 6.0 the experimentally found molecular
welight for phenol is 113, This represents an assocliation of 20, hence 34
molecules of every hundred must have combined %o giwve 17 double molecules.

If we take sg our unit of measuremsnt one mol per one hundred grams of
solution, the following values of concentrations may be written:

C{OH~HO) = (.06X.17)
C{oH) = (.06X.56)
from which by substitution we may obtalun:

” (0./7/ 5/
/Ea#so/lz /0.06'//0:44)3= 6. p

In column one of Table No. 10 are given the /’f ) oaloulated for
CoHsoH
various concnetrations. As may be seen the constant varies slightly but is
sufficiently constant for our purpose.

If we substitute a group of large electronw-sharing abllity in the para
position of the phenol, the mssoclation will be cut down as was shown in part
one of this paper, and so we find that pars ohlerophencl asscciates only to &
molecular weight of 152 at & concentration of 6,0 mol percent. This is asgso-

ciation of mbout 17% and so far the eguation:

2 Cl C.Hy OH

C/-CeHg-OH 220 HO- Ce o C/
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we would heve the following equilibrium expression and constant:
#0° |
/r _ C{c/.al;»//o—cﬂ _ /0 /55) _ i A
C/'C‘//"O//

[CC/-O//]Z’ —/004)/0‘9)1 B

These constants, caleulated for variocus concentrations, will be found in

column 2 of Table Ho. 10 and as will bs noticed, they do indicate that the
chloro derivative is less associsbed than phenol.

Bow if in plece of the -0l group we substitute a group of ebout the same
slectron~shering ability, say ths -v-ﬂﬁz group, we have every reason to believe

that the nitro derivative will ssgsociate to about the same degree as the

-]
chloro and that: //)/?o - 7,}/”6
Cl - Cetgol N0y~ Co Hy-0f

at the same concentrations. IHowever, by referring to greph Ho. 8 we may see
that at a concentration of 6.0 mol percent, p-nitrophencl has en experimental
molecular woight of 196 which represents an sssocistion of 41% or about
double that of the chloro derivative. As was pointed out in section one of
this report, this is bocause the associating hydrogen is able to form a oo~
valent bond with either an «OH group or & -nitro group and the effect of the
additional chances for asscciation has overridden the smaller effect of

electron~-sharing ability. Thus while phenol and p~chlorophencl can only
nasociete as Tollows: 2 CoHs 0 ——= Cehls OH o0 //0.[6//5
A Cl C Hy0H === C/ CeHy Olfec0 O Co Mg C/

p-nitrophenol may form hydrogen bridges in the two following manners:
= NYOe - 6614/7/0/4/ — > A/Oz' C(,/%.'O/"“#O'(e'%t'/yoz
/8 /VO,Z ‘ CG/¢;4 'OA/ R f /VO»Z Cc#f'0#°“°0,z/‘/'[6/¢f'0//

and the lat¥er-équation is the one that is responsible for the exhalted asso~-

ciation of the nitrophencl. For these two equetions we would have two equi~
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librium reletions and two constants and t}z}eae would be:

fo° 20°
_ Ceopeeior) | /’)/ _ _CrmeosHo)
NOe-CoAgofl FOI{IZ 0z -CoHy-OH C/VO;, - Coy

lot us hold fast to our original declaration that:

//f 80° §0°
Cl-CoHe0Hd /{Na& -Cettg-0H

and solve for the values of f0° &t various conventretlons. a
. So

N0z CoHgOH Yy

Ubviously, for low concentration of solute eand low values of the /( S

the fellowing relationship will hold besause of the neture of our compounds:
CloH)=¢ ®0) (approx.)

Therefore: /
KYOO _ C(_/Vozoooz/le/o-)
N0, -C g O [C © Il)]

end by addition and definition:

0 /s
= ﬁgo + Klo p— CFO%""//O') + C (‘/Yﬂz 800 6/0')
2 Oz CoHg-OH NO0z-Co Hg-0H CoHJ 2
or:

_ L {811 the double melecules)
32_ U (all the single molecules)

The above sxpression must be the one that holds in an actusl solution
of our compound in nepthalene and so by the use of the aveilable data we
should be able to eveluste the XKp's for various concentrations. As was said
before, at a concentration of 6,0 mol percent our compound has a measured
molecular weight of 196 which represents an associstion of 41% and indleates
that 58 of every hundred molecules must have combined to pive 29 double
molecules. Hence:

¢ {(double molocules)= (.06 X .29)
¢ {single molecules) — (.06 X .42)

— 229) o 27,3
X2 = —mtasye =202
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However, u little thought will show thet this expression is not exactly
correct for the following resson. In the oasge of the double molecules
formed from our compound with two functional groups, the double molecule is
Just as able %o assgoclate further as is a single molecule. This is mede

more evident by these equations:
(WO (, Hy ~ OHoseHO-Colly W0s) ~+HO- C Hly Ny T2 (N0, Co Hy Otfomo ) O-Getly N D)oo HO-CoHly MO
(NO,- oty Otlons OaH-Cotly OH) FON-C, g 0H =Ny Co iy oo ON Cetly O e NG

ete./
hence in the caleulation sbove, the dencminator of the fraction, which should

be an expresaion of the concentration of the groups ready to asscciate,

should be changed tos

7,,/2 _ (0.29) — 9/¢

(00¢)(0.42+0.29)
since each of the 26 doubls molecules is equelly as able to furnish asso-

cleting groups as is each of the singlo molecules. This expression while
more accurate than the proceeding one, makes no allowance for any triple mole-
cules, which although present in correspondingly smaller amounts still are
the squal of any single moleculs as far as associating possibilities are con-

corned. Hences

o= (0.29) L7

(C.0¢)(0. £5)7
which tekes in account this faetor is & still more acouratse expression.
5till more corrections could be spplied to compensate for molecules of higher
order but they are very small and smount to less than the expsrimental error
in the determination of the percentage sssociation of our compound and so
heve besen omitted.

The Kq's ealeulat#;;i}in this manner are given in column 4 of Table No. 10.
By/suh‘hma%ing the S from the Ks's, we may arrive at values for the

]
]’f 80/«5 which are the constants we were solving for. These are to be found
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1.5
1.4
1.6

1.3



~59-

in column § of Table 1%«;2. 10. &4s may be sesn they are rather smell in com-
parison with the ﬂde thuas showing that the eml‘i:,ed egsociating power
of penitrephsnol is not only due to the incressed chances for association to
the double molscule but mlso to the fact that its two functional groups give
double, triple, guadruple and so forth molecules that still are as capable
of sssociation asg the single molscule,

How suppose we dissolvs phenol in nitrobenzene and state that our unit
of concentration iz as before one mol in one hundrsd grams of solvent. Since
the melecular wolght of nitrobenzene (123) is sc near to that of naphthalene
{128), a one mol percent solution of phenol in one solvent is conperable to
a one mol percent solution of phenol in the other. Furthermore, since we
know the behavior of pheneol in one solvent, we should be able to calculate
the behavior of phenel in the other beosuse we can celculete all reactions
that may teke plsee between the solube snd the new sclvent, These reactions,
we have postulated, are the governing facters in associstion and the dielec-
tric constant differences should play no part.

To proceed. In the nitrobenzene we would expect the two following

equilibria /‘Esa hold: 20°
]f or C (o=l N-) ]/5 — —C f—o//ooe,;/o-)
YOz CuflaOH Cou * Cace CeHs0H [C-O//J
(Sol/vaetion) ( 0SSocialzor)

Suppose we start with a 2.0 mol percent solution of phenocl. Then by

Table Jo. 10: / 4 °
£0 fo
Va$ = L9 , K = o7
AOg CeHgOH Cetis0f

* Philbrick {51), by an independent caleulation came to essentially the
game tconclusion with repgard %o the relative tendency of the hydroxyl group
to combine with the nitro group or with other hydroxyl groups.
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In one hundred grams of nitrobsnzene thers is 0.81 mol. As some of the
phenol will beo combined with the nitre group we may state as & very close
spproximetion that:

Ceray— 040

Lofenoet) . L& ~C°°°//g; — 3.¢
C o) -OH
Homentarily let us aseume that the only resction possible for the phenol

is the solvation one. &t sguilibria we would have:s

¢ (double melecules) _ (0a)(/~4) ;5
T (single molscules) (.02) -

from which d = 0.40. This means that of every 100 original molecules of
phenol, 60 would be solvated and 40 would be free. If on the other hand we
agsume that associetion is the only resction possibls for the phenol, we would
find that of every 100 original molecules, 86 would still be free while the
other 14 would have combined to give 7 double molecules. The true state of
affairs of course is & cowpromiss in which both reactions compete for the
single phenol meleoules. At eguilibrium, sclving as best we cen without re-
sorting to fractionsl molecules, we would find that every 100 original mole-
eules would be divided as follows:
57 ~ solvated with nitrobenzens
39 -~ gingle
i - combined Yo glve two double molecules
100
At & first glence one might suspeot that an exuset oryocscopic determine
ation on such & solubtlon would rewveal the smell amount of sssociation indie
cated by the two double moleoulesz. However, another factor enters the pleture
et this point. Well over helf of the phenol is solvated by nitrobonzene,
This means thet this solvent has become part of the solute and henee due be

its forssking its solvent dubties, the relative concentration of the solute



has been increased mbove 2.0 mol percent, Cryoscopieally this would mean e
larger experimental freezing point depression, which we would ultimately ine
terpret s being due to the fact thed our phenol had & molecular weight be
low normsl in nitrobenzene, It so happens that at the concentration with
wh@h we sre dealing (2.0 mol pervent) these opposing effects just about
oanesl each other so we must predict that phenol in nitrobenzene will give
normal results (z 2-3%) at this concentration.

Let us consider & concentration of 7.0 mol percent. We would have the

following constants:

80° ;o"
;rmw// =10 _ 7& . H/o/ﬂ
Cwo, = (0.78) e

In exmctly the ssme msncer as before we may find thet the distribution of
100 original molecules will be as follows st equilibrium:
37 - solvated with nitrobenzene
41 - single
22 =~ combined to give 11 double molecules
100
At this coneentration the solvetlon hes dropped off considerably while the
asgocistion has incressed enormously. In fact so much so that we must pree
dict an experimental value of about 108 - 108 for the moleculsr weight of
phenel in nitrobensene at & concentration of 7.0 mol percent.

In view of these conclusions the experimentel work of Ampolas end Car-
linfanti (1) eovering this cese is of particular interest and their dats
saleulated to mol percent concentrations and plotted by the author are given
on graph ¥o. 9. As may be geen the agreement betwsen the calculated and ex-
perimental is very good. Our eguations have allowed us to predict gquite

accurately the behavieor of phenol in nitrobenzene from the reglon of low cone
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centration, where it gives results less than normml, to the region of come
peratively high conceniration, where it slowly approaches the behavior of
phenol in mphﬁimlﬁm-ﬁ

it is true that the éiaiastris congstant relationship of these two sol-
vonts is such thet on the basls of the old theory we could predict that
phenol would have a2 low or lowsr wmolecular weight in nitrobenzene than in
naphthelens. For this reason our csleulated exawple is unfortunate in that
it does not rule out this old theory while confirming the new., Therefore the
caleulation on another type of compound will be briefly carried out.

Bsnzole acid hes in nephthalene at ¢ congentration of 4.0 mol percent a
molecular weight of 217. This represents an associstion of 78% end indicates

that 88 of every hundred molecules have associated. Therefore:
%0°

(oo4) (044)
]);Hs-cooﬂ'—: Jaaoﬁ{am]z = 763

¥etn ochlorobenzolic under th

somo conditionsg, and me is expected,

agsociates slightly less or ebout 77%. Thus:

j?Z " (0.0¢)(0435) _ (43

{ C(./Iq‘COOIF: (009,} (O- /3)]2.
As befors we would expect thet menitrobenzoic would show similar bee

havior and that: 2° 20°
C/-Co Hg-Cood — NOg-CeHla COOH

However, it is known that m-nitrobensoic essociates to such an extent that a

noleculer weight of 298 may be obiained in a solution of strength equal to

the above exsmples. This is asscciation of 78 % or a doubling up of 88 of

* Inssmuch as even the simplest equilibrium expressions and constants have
never been entirely succvessfully applied to cases of assoclation see
Lagsettre (37) , the use of such expressions here is in itself quite an
assumption. Howewer, the author feels that the failure to succossfully
spply such equationsis dus to just such phenomena asg are here discussed,
solvation effect and simultaneous resctions. This point will be discussed
in more detail later.
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svery 100 molecules., Attributing as before this increase in association to

the double molecules of the type:

m- Noe. ﬁa\\m‘ COOHse OzN-CcHg COOH-m

we may write st once the equilibrium expression and constent for their fore

mation, since they are obviously in such smell quentities.

/, 6
fo
\“ _Cnppesstiose) __ (0.09)(0.005) /0
e

Qﬂ.ﬁex\*.mﬂwt ¢ (-w0z)* Cecoon) o «0. OQ\Q. \Q SQ@I

Honoe the carboxyl group of acids tends to associamte with ancther care
boxyl group rather than with a nitro group. HNow if' benzoie, or chlorobenzoie
or nitrobenzoic seid (their associations are about the same) be disselved in
nitrobenzens, we would have as before the two reasctions competing for the
earboxyl groups,and at equilibrium we would have the two expressions glven

below in force:
ﬁ‘ﬁrw — m.h-nook.oux\omm.u \.0 —_ w“ (€ anooo.nwn\_\.w

C ccoom)? (0.2)( Ceoon)
[ ceoor)

The solvated molecules would be rather scarce as would the single mele-
eules and our scid ss in neaphthelens would still be highly associated, In
fact the little lowering of spparent moleculer welght due to solvation could
not smount to over 4 or 5%. Therefore we may state thet in nitrobenzene, the
association of benzoiec, mechlorcbenzoic and me-nitrobenzolc acids should be
very nearly as high as in naphthalene. This is at a temperature of BO°C,,
the tempersture st which nephthalene freszes. If we drop to §9C., the tenm~
perature at whieh nitrobengene freezes sand the only temperature for which
date are availeble, we might expect that increased association could be found
under these conditions &8 compured with thet found in naphthelene at 809C,

This is essgentially true ez is shown by the experimental data of Beckmenn and
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Lockemsnn {16) which are plotted on graph No. 10.

There is mnother reason for expecting or at least explaining the high
result in nitrobenzene. The possibility of benzene and nephthalens solvating
dissolved solute beosuse of the double bonds present in such sqlvents has not
been considered in the foregoing treaitment. Evidence can be presented from
other sources to show that such solvation is not unlikely and even in the
{field of association 1t is known that the removal of the double bonds of e
solvent (by reduction) always results in a medium in vhich compounds show
inereased agsooiation. Thus in eyeclohexane, dicyclohexyl, or in the hydrow-
carbons, compounds exhlbit their highest moleculer weights. In these sol-
vents (since all solvent effects are at a minimwm) the epplicetion of equilibe
rium expressions and constants to an sssociating solute, whose association
structure is known, should yleld good agresmsut. An example of such a oage
would be benzoie acid in cyclohexane at vanishingly low concentrations. Un-
fortunately no dats can be found in the Iiterature covering this case or any
sinilar to it.

It is s well«known fact that erometle double bonds are less reactive
than alifatic ones, and this has been explained as being due to the fact that
the opportunities for resemsnce in the aromstic compounds have resulted in
the formation of = more stable moleoule. For the same reason nitrobenzene is
& more steble molecule then benzenw. ¥het is more natural than to expect
that ag the compound becomes more and more wnresotive the solvent effect
would decresse and nitrobenzene {in case it csn be shown that the nitro group
is wnable to exert any influence) would turn out to be a golvent in which
benzoic scid, for exemple, would show higher moleculsr weights than it would
in benzene. This is an axw«rigmzt&l fact a8 may be shown by the curves on

greph Ho. 10.
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Let us resume our caleulations. If we ecaleoulate (et a total concen-
tration of 4.0 mol percent) the ratioc of “solvated" to "mssociated" mole-
oulss of phenol in benzaldehyde ss & solvent, we obtain the walue:

C_(solvated molecules) _ gg.9

Hetio —
¢ (associated molocules)

hence in henzsldehyds very little phenol could associete, The experimsntal

data used were as follows (4, 10):

Association e-i'p-C/'G.A/f *Of in nephthalens — 9%
Associetion ni’p-C//O-G-/70l4/ in nephthalene =78%
sssocliation of CHO CoH5 in benzene = 0%
{conoentration = 4.0 mol peroent)
The assoclation in benzasldehyde has never been measured but it is e
gensral rule that very little associstion can oceur in aldehydes.

The same type of calculation using the data:

Association of p-C/ﬁ/;-oc-qC*Ce#4<0f/ in naphthalene = 55%
Agsoeiation of Cl3~0~l§-Ca A5  in naphthalene = 0%
o

(concentration = 4.0 mol psroent)

gives a ratio for phenol in methyl benzoate of:

Ratio__ C (solvated molecule) _ 95 (approx.)
C {associated molecule]

h&mw very little assccistion of phenol could ocour in esters.

By use of the veluminous date for the association of phenols and their
derivatives in naphthalene that heve been mede available by Auwers, we can
establish, by a series of ealeulations of the above type, an order of "nor-

malizing”power of the solvents Coll R and can attribute most of normalizing
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power to the B group. The order of these R groups is as follows:

v 13641 c1
Y LAt B H0,, COOR, CN, CHO, Ny, COOH
‘ ‘ »

and they sre arranged in such an order that those on the right give solvents
that have the grestest normalizing effect on the solute. As may be sesn this
order is oxactly es that found experimentally by Auwers with the exception of
the hydroxyl group which could not be placed ms it was our standard of measure-
ment .

Henoe by the proper interpretetion of the experimental deta concerning
one compound and its derivativez in one solvent, we can calculate the behavior
of our compounds in other solvents., This, by making use of the idea thet the
reaction or the possible reaction of the solvent in solvating the solute is
the most important facter. The reason that the theory of dielectric constant
gives even partial sgreement is dus to the coincidence (?) that most groups
that are able to form associated bonds with hydrogen, contain oxygen and oxy-
gen compounds usually have quite hipgh dielectric constants., The inverse is
not true, however, high dielsciric constant does not mean zood solvating ef-
feet, vis., the nitro group.

The above order wag derived with respect to phenol but can be derived
with respect to other compounds (bengoic ascid or eaniline) and associating
groups snd when this is done, it will be found that essentially the same
order is obtained. Thusg the order is independent of the solute and does
represent a true order galvatian* In individual cases, exceptions can and U
might be expected %o gocur., Thus ordinarily «0H should be ahead of ~COOH in
this seriss but il the solute also happens to contain ~COCH, then the ~COOH

of the solvent is far ashead of the -0l in the seriss of normalizing lactors.
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This is undoubtsbly due to the fact that the -CCQUH groups are able to form
the ring structure of such extraordinery stability.

In deriving this normelizing series it will be noticed that the same
radical {(in the ocass considered Ce Hs— ) was always considered s being
attached to the normelizing groups He, and hence the order we derived is only
valid {for solvents that are substitubed benzenes. let us consgider what would
heppen If this fundeamental group 1s wvaried, that is, what would be the dif-
ference in the solvent sction of two solvents containing the same normalizing
group but different fundemental groups. The peir of solvents, phenol and
ethyl alechol, is an example of this comblpetion. Iet us consider the re-
antian possibilities of p-chlorophenol when dissolved in each of these sol-
vents. In phenel we would heve the following pessibilities:

2 ClCHe-OH === C/ -G Hg OHowtlO-CHy.C!  ( associolionr)
Cl Cullg-of + CeHs-OH ~=C Hs OHos0 HO- Cofly-C/ (Solvotion)
and due to mass action wo would expect the second reaction to predominate end
hence p~chlorophencl in phenel could be only slightly associasted. In aloohol
we would alse have two resctions possible:

& Cl- ColqOH === CJ-CcHa-OH 0o HO-Cc HeC/ (0ssociation)
C/l-CcH4 O + CeHsOH <—— CI-C Hy Offooe HOCalls ( Solvaton)
and the molscular status of p-shlorophenol will depend upon the completeness
of the second equation. In part one of this paper we learned that ethyl
aloohiol is more highly assocciated than phenol, conditionsbeing equal, and
we showed that this wes dus te the lower slscbron-sharing abllity of the
ethyl group as compared with the phenyl group. For this reasson we may pre-
dict that the solvation equation will be more complete in alcohol than in

phenol solutions snd thet the normalizing action of the ~0H group (or any
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other normalizing group for that memmer) is inversely affected by the slec-
tron=sharing ability of the atbached radicel as long as we limit our radicals
to those thal contain ne normalizing groups or at least only those that have
a wory small effect such as the helogens. It is the verification of this
hypothesis and the general theory preceding 1t that shall occoupy the experi-

mgntal section of this portion of the paper.

Experimental

Selvetion effect. The data for this particular section of the paper

were obtained predominantly in benzene solutions and in & moleculaer weight
apparatus of improved design that has been described previously in the liters~
ture (35). The experimental atteck echosen %o show the formation of inter-
moleseular complexes and their effect on the molecular weight of solutes was

as follows: & gubstance of falr sssceiating power wes added to benzene and
its molecular weight at various concentrations measured eryoscopically. Next,
to known solutions of this compound in benzene were added measured amounts of
o non sgsociabing body and the total freezing peint depression of the solvent,
as caused by the twin solutes, was then measured.

If $here was no resction between the two gsolutes, then their sfflects
would be additive and the total freszing point lowering would be the sum of
the individual lowerings, which could be celeulsted from previous knowledge.
&ny deviation from this behavior could only be interpreted as being due to
sone remction between the two solubtes.

Several pairs of compounds were investigated in this way, but only one
pair will be disoussed in sny greal detail sinee all exemples tried yielded

the seme results. The compounds chosen for discussion are pars-chlorophenol



with benaldehyde and in Table Ho. 11 are given the deta pertaining to the
moleculsr behevior of thess compounds in benzene solution as determined by
the author. %se results are also given in graphical form on graph No. 11
from which it mey resdily be seen that the phenol shows appreciable asgo~
eiation sand the aldshyde shows none at all, The slightly high result in the
oase of the aldehyde was thought to be due to the oxidation of part of the
conpound to benzole acid upon handling. This preduct would associate com—
pletely in benzene end the ecurve resulting would have zero slope as does ours.

So nmuch for the sase of solutions sontaining but one solute. In Table
No. 12 are glven the expsrimental freeszing peoint depressions found of benzene
solutions containing both pechlorophensl and bensldebyde as solutes. Assuming
that the aldehyde can in po way alter its molecular status (i.e., solvating
the phencl does not change the nurber of aldehyde molecules instrumental in
lowering the freezing point) we can meke some interesting oalculations re-
garding the molecular ststus of the phenol.

For example:

In run Fo. 2 the experimental depresaion is 1.870°C, 8ince there is
present 0.0126 mol of benzaldshyde in one form or ancther, by our hypothesiss

(0.0126)(51.4) = 0.648°C.

and 0,848°C. of the experimentel lowering found can be attributed to the
aldehyde. This leaves & lowering of 1.222°%C. to be cmused by the phemol or
Just the lowering thet would be caused by 0.0238 mols of particles of phenol,
either single or doubled. Obviously thig 0.0238 mol is made up of the asso~
ciation products of a slightly larger guantity of phenol say 0,0250 mol of
single molecules as & first estimate. Referring to greph Ho. 1l we may sgee

that pwchlorophenol in benzene at & concentration of slightly above 0.0250
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A, Association of p-chlorophencl in Benszene as
& Function of Concentration

Grons Solube ¥ols Bolute

in 100 100 4o 100 Cale. Hol
Grams Solvent CGrams Solvent e Wgt.
0.847 0.659 0,358 123 .9
1.688 1.29 0640 133.
2.438 1.89 0.921 136.
B.210 2.49 1.172 141.
3.912 3.04 1.351 144,
4.609 3.58 1.589 148,
5 mﬁg 4 .12 1.794 152 -
1.168 .81 Q457 131,
£.010 1.56 0772 134,
4,541 5.38 1.5385 145,

4.964 3.86 1.562 is51.

Ll e - o0y

B. Association of Benzaldehyde in Bengene ag s
Punotion of Concentration

Grams Solute ¥als Solute

in 100 100 in 100 o Calc. Mol
Grams Solvent  Grams Solvent o Wgta
1,488 1.40 0.706 108
3.021 2.85 1422 109
4,504 4425 2.108 110
6.043 5470 2.821 110

7550 7.12 3,552 109
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mels per 100 grams iz associated to s molecular weight of 140 units. There-
fore:

X — 30 or X = 0.0259 mol
0.02% — 128.5

and 0.0259 mel pf p~chlorophencl in benzene will agsociate to give 0.0238 mol
of product, which will give a lowering of 1.2229C, fThis phenol has the fol-
lowing meoleculsr distribution:

¥ols of single wolecules — 0.0217
¥Hols of double molscules — 0,0021

Total —0.0238
o find the guantity of phenol solvated by the aldehyde we have only to sube
tract the "free” phencl (0.0259 mol) from the total phenol {0.0338) which
gives us 0.0079 mol. Therefore the complete table of the molecular dlghri-
bution of the phenol under the conditions deseribed would be:
Total
8ingle molecules 0.0217 mol — (1)(0.0217)
Double molecules 0.0021 mel — (2){0C.0021)
Solvated molecules 0.0079 mol — (1)(0.0079
0.0338
Thess results as well as those caloulated for the other concentrations
are given in Table Ho. 13 of this paper and are plotted on graph Ne. 12. The
surves of this greph do show thet the hydrogen of the phenel is able te form
asaociated bonds with the aldehyde group and that as the conecentration of
this group increeses so does the concentration of the single and double mole~
cules of phenol decrease. It requires but little imagination to see that in
pure benzaldehyde as & solvent the phenol at low concentrations would be very
nearly 100% solvated as was predicted earlier in this paper. Therefore,
normal or rather slightly suhnermi molecular weig;htsl should be obteined in

=



Run
Yo,

TABLE HO. 13

~ The Holesular Status of p-chlorophencl and
Benzeldehyde Simultansously Dissclved in Benzene ag a Solvent

Caleunlated Celeulated Calouleted Caloulated

Hols ¥ols Hols of ¥ols of Kols of ¥ols of
Cl Cgliy GH  CgHg CHO Phenol Fhenol Phenol Aldehyde
in in Fresent o8 Progent as  Presond s Present as
160 gram 100 grem 8ingle Doubled Solvated 8ingle
,nmmm nmmm Holecules ¥oleeules ¥olocules Holeculeg
0.0338 0.0 0.0257 0.00408 000 Q.00
7o Qa&wﬂ&& QGQ&Hﬁ CQgﬁw @-gﬂw M«ogﬁuﬂ
a0 0.0252 0.0179  0,0011 0.0187 0.0115
L 4 ﬁ 0.0804 0.0108 0.0003 0.0224 0 ,0280

Caloulated
¥ols of
Aldehyde

Present as
Conbined
¥oleoules

0.00

0.0079

0.0137

0.0188

0.0224

- oL~



7/ N 99040

~—— WP ZUIC/ 4O %.QQ\ wr oy poces mﬁ\m\u\q\owtbm FO U017042149940")
.09 0o 0% 0 0y 00

—~— S3/703/0Ll/ /oqaya/OJO/y.oq/ AO UO,’}”?“/?/O’

' IR EEE &R iy jugun i e L
o B : TR 00
Tt [ERSS | 1 i .
-t . it -
1 a H] e
Muf i |
t. -
1+ jingd
Ivﬂ« 1 _-
1 i
¥ T
r : -
1 R
T
e IR} T
EE P
i 1
A v
¥ 2
b4t 4§+ “+
T
1 : s
11 T
NEREN IR ey
o . SRRy .
i s /00
171 R
T ! pREanys
:
t t t
v A MBS m gl
H by e VT
L“ﬂ Y1 R I S ESREN
HE BRRRTEBEE RS 3 e ITT
vu T T R STE
- M Jhi 3 je B8 R B
- e, e ! ) 0 S K8
— - -+ T 1 L 71_.HT' manl ..J»rﬂrqx *
N it it raiz betes 1 1
24 i i
~ P
S
I T 1 "
i RRuBRE ARy Rl :
P
+ ! N -]
r . TrpH ]
E DS e
R IRaABRE: n
" H e
t HH R AR w T
I P i I |
X N > T T \Noo
|} 4 gy i d_‘ 1
A g J T o Y 3
> s -+ H BES By T ¥ BEAY
SR NI R -+ . 4 [ B It r
BSs a by } e [eans BaR 5% e
al i 1 . g 1 EEeR peR +
i : + -+ huwe + 4 T T =
+ e : g S 58 SRSy FaE R
1 ots T 1 Eauwd s Suans nnphl s
R NER + T s RSB ANAER RS 414 b+ +
: i e It SABkSanal Beetuanan itk :
. 1 - } i
T 1 1 1 : 3
i ] Bgal T ]
el i 1T
g - 1t
{ 1 : :
LR + 1 .
] ¥ 47 .
1 73 ;3 TS B
i ace ; SRgpdtunls
HTFHT . pE e
0 o y )
3 IR S B
j<5i H ey e +¥ It
RN ¥ 3 RS B ST + ~
m A [ . NEAEY i
L : -
ke i fug i mwnl RE R B BENSE S i
1 gl
FO I 1 1 4— : ?LJ 1
- al 1 I )




-8 -

Similar ealoulations were made upon the data receiwved for this pair of
~ solutes et various lower concentration with similer results es 1s alsoc the
case of the pairs of selutes, p~chlorophenol with ethyl benzoats, and pe
chlorophenol with nitrobenzens., The solvation or normslizing powsr of the
three groups concerned are in the order regulired by the geries derived in
the theoretical sectlon of this part of the paper, thet of nitrobenzene
boing just measureble, using p-chlorophencl as a standard.

Effest of electronwshering ability on the solvstion reection. In order

to secure informetion concerning the effeet of slectron-sharing sbility
variations on the previously discussed solvation resction, the molecular
weights of two sbtandard solubes, neswmely benzoic meld and ethyl slcohol, were
determined in several serles of solvents., Each solvent geries conaisted of
& number of compounds of the same type, that is esch compound contained a
normalizing growp such es an esber, osrbonyl, or hydroxyl linkage, and to
these normallizing groups were atbached redicalds of different slectron-sharing
abilities. These atiached radiocala were chosen to give es large a separation
in elsctron-sharing ability as possible and to give compounds of shout the
game melting point. This wes necessury so thet the eryoscopic determinations
made in all solvents would be et approximestely the same temperature and hence
would be comparable with one another,

_ﬁh@ deterninations themselves were carried out by the standerd procedure
as outlined by Reilly and Ree (53). 4 thermometer with 1/10 degree gradu-
atlions was uped to debermine the fresszing point depressions. It was found
that some of tﬁ@ solvents investigated (nntahly benzophmnan&) orystallized
8o alowly th% @xaasaivw superecolings wore obtaineﬁ unless the precaution was

taken of raising the temperature of the water bath to the fusion terperature
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¥olael Freezing Point Constants (Ep) Of

TABLE MO,

14

Various Solvents Of The Type R CO R and R OH

Solvent

CgHy £0 CgHB

pel CgHa CO CgHaCl p
CHaCl CO CHoCl

p CHg Cglig OH

Cglly OH

p €1 CaglalH

0 ClCghon

2=4w8 ,Clelal OH

Helting
Point
of
Solvent
19°%¢
4600
14200
41°¢
asog
42%¢

42%c

Authorts
Yalue

7.80

T.81

not
deternined

7.78

9.61

Libkersture Telue

-

-

7.65

[
L

[41]
L5+

T72

Source
garelli and
¥ontanari {(27)
Eykman (2:)
nene reported
none reported
Eykman (24)
1.0.7.

Jona. - {02)
Jona - {22)

nong reporbed
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TABLE RO. 15

A+ Associstion of Benzolce Acid in Acetone
As a Function of Concenbtration

Grams Solute Mols ., . =~ Mol % Calculated Association
in 100 grams 100 ° Solute XNolecular Index
Solvent in 100 grems Welight
Solvent
4.07 3483 1.80 115 0,942
Benzoic 5434 4,37 2.48 118 0.966
Aeld
(122) 6,12 5,02 2,84 117 0.960
Y. 064 7.08 .95 121 0.991
(Vapor pressure lowering method)
B. Assoclation of Haphthalene in Acetone
~As a Panction of Cencentration
Grams Solute Mols o, . = lol % Calculated Association
in 100 grams 100 Bolute Uolecular Index
Solvent in 100 grams Welght
Solvent
2,65 2.086 1,08 128 1,000
flaphthelene 2,87 © 2.32 1.34 127 0,992
{128)

- - L3 - -

(Vapor pressurs lowering method)
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TABLE ¥O. 16

&. Assoclation of Benzole Acid in Methyl Propyl
Eotone az a Funotion of Conecentration

Nols golute
106

Grams Solute . ¥ol &4 Caleulated Associastion
in 100 grams in 100 grems Solute Xolecular Index
Selvent Solvent Weight
1.22 1 085 113 0,98
2444 2 1.70 115 0.94
Benzolc
Acid 3.66 3 2.52 117 0.96
(122)
488 4 5.33 120 0.98
6.10 B 4.13 122 1.00
732 8 4.81 124 1.02

{by beiling point method)
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TABLE RO. 17

&, Assoclation of Benzoic Acid and Bthyl Alcohol in
Acetophenone as a Function of Concentration

" Aleohol

Hols Solute
Grems Solute 100 Mol % Freezing Calculated Assoeciation
in 100 grems in 100 grams Solute Point Molecular Index
Solvent Bolvont Depression Weight
0.816 0467 0.80  0.34% 135 1.11
] 2.581 2.12 2.48  1.08% 138 1.13
.-* Benzolc o
- Aeid 3250 . Ea66 3410 1.30°C 141 1.16
(122) o
5,068 4£.15 4,75 1,96°C 147 1,20
5.895 4.83 5.48  2.22% 150 1.23
1.54 354 34586 1.52 B7.2 1.24
Ethyl 2.7 4,71 B.36 2.03 60.5 1.381
o (46) 2.89 6428 7,02 2.60 63.0 1.37
3462 765 B .42 3.08 66.0 1.41
B. Moleoular Weight of Naphthalene in Acetophenone
Mols golute Caleulated
Grams Solute 100 Mol % Freezing Freeging
in 100 grams in 100 grems Solute Point Point
- Solvent Solvent Depression (onatant
1.6086 1.25 1.48 0.72 5.74
Naphthalene 32290 2.87 3.03 1.47 5.71
(128)
4,521 Ga58 4.08 2.02 8.61
580 42461 5.26 2260 5.66

Aversge  (5.87)
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ZABLE KO. 18

&. Association of Bthyl Alechol and Benzoic Acid in
Benzophenone as & Function of Concentration

Yels golute 4
Gram Solute 100 Mol £ Freezing Calculated Association
in 100 grams in 100 grems Solute Ppint Molecular Index
Solvent Solvent Depression Weight
1.410 1.16 2.07  0.93% 149 1,22
2.548 2.09 3.66  1.60% 156 1.28
Senzoio .
Aeid 4,201 8,84 5.89  2,83% 163 1.34
{1z22)
5.115 4,19 7.00 2.91% 173 1.42
6,082 4,99 5.33  3.35°C 178 1.46
1.421 3,09 5,35 2.13% 65.5 1.42
: 2.539 5.51 9,12  3.46% 71.8 1.58
 Ethyl
A%ag?ﬁl 2,762 6.01 9,85  3.81% 75,0 1,63
46
2,938 6438 10.4 3,80 76,6 1.64
3,162 6.88 11.1 3.91% 79,2 1,72
B. ¥olecular Veight of Haphthalene in Benzophenone
Eols g5o1ute Caloulated
Grar Solute 160 Yol % Freezing Freezing
in 100 greaws in 100 grams Solute Point Point
Solvent Solvent Depression Constant
1.010 0.79 1,40 0.78% .89
1.926 1.502 2.66 1.42°C 9.69
| ﬁapk(xtim;.ene 2,464 1.926 5.38 1.90% 9.84
(128
2.518 2.278 3.98 2.24% 9.81
3.521 24752 4,77 2.69°C 9.77

Averege {9.80)
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TABLE RO. 19

A Agsocistion of Benzolie Acid in p.p' Dichlorobenzo-
phenone as a Function of Concentration

¥ols goyute
Grems Solute 100 ol % TFreezing Caloulated Assceiation
in 100 greams in 100 grams Solute Point Nolecular Index
Solvent Solvent Depression Weight
2,350 1.96 4.76 1.85 131 1.07
3.485 2.86 6465 2453 140 1,18
Benzeic
Aeid 44,283 5451 8,08 3400 146 1.19
{122)
5.721 4.69 10.5 5.92 148 1.21
6440 5.25 11.8 4.25 183 1,25
(Holecular weizht of solvent is 2850)
8. Molecular Weight of Naphthalens in p.p'
Dichlerobensophonone
¥ols Bolute Calculated
Grems Solute 100 Mol % Freezing  Freezing
in 100 grems in 100 grems  Solute Point Point
Solvent Solvent Depression Constent
1.0 0.81 2.22 0494 10.90
Naphthalene 2486 & Bl 5.53 2.26 10.20
{128)
oS0 4 o4 G785 4«20  10.16
727 ‘ §.896 12.9 5.71 10.07

Weighed average (10.15)
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TABLE HO. 20

A. Assoclation of Benzole Acid in Phosgene (15)
as & Functlon of Concentration

¥ols gelute
Grams Solute 100 ¥ol % Celoulated Association
in 100 grems in 100 grams Solute MNolecular Index
Soclvent Solvent Waight
0,69 .48 Q.47 247 2.02
-, Benzoic 0.79  0.85 0.64 244 2.00
o Aeid
1.61 1.32 1.29 287 2.19
B. Determination of Molsl Beiling Point Constant
of Phosgene
Greams Solube 100 : Boiling Boiling
in 100 grems in 100 grams Point Point
Selvent Belvent fiise Constant
0.86 Q.52 0.160 3.10
1.35 1.08 C.307 2.91
Zeld 167 G835 2«97

{aversge - 2.99)



L4796 AO Q\, Cos ¥/ QQ\\Q&\ s 2 \Q\Q.hd AO wo? Nﬁl .\NQU\.VQQ ,N
V4 | £0

ot J
B3 RIRRT > v 0o =gy g =

Ve

e

Form E-3

I2OCS LO 2YEIONS 40/7935/0/ s



TABLE ¥O, 21

Association Indices of Benzolic Acid and Ethyl Aleohol at

Standard Concentrations in Various Sclvents of the Typs R CO R Teogether
With Various Physlieal Constants of the Solvents

Tﬁﬁ? *
Solvent of
Deter,
¢

Sﬁs*ﬁ*ﬁﬁg | 40
cﬁgog~szﬁ? 102
{Jﬁg,-g ~Cglig 1s
Csﬂg*ﬁ~ﬁgﬁg 46

C1~Cgly=G=Callg=Cl 142
o]
Gﬁzcl-g-CEzci 41

Cl-?~81 9
0

Dielsotrie
Tonstant

of

Solvent

(18.0)
(12,0)
13,0

2.0

(18.0)

4.5

Tedeh,

of
Froups

Concerned 100

~1.45
~1.50
+1.40
4,2~
+8.1

+£,7

[ ¢35

+3,
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ﬁx&c%iy that desired for perfeect comparison but are close enough for our
purgasés,

In Teble Ho. 21 are glven the assoclation indices of our standard
solutes in every solvent investipgated for sach of the two units of concen-
tration. It will be nobticed that a parenthesized value ia given for the
indiess of benzoic ecid in 1 ~ 3 dichlorvacetone. Thia indicates that the
value is uncertain, The uncertainty arises from the fact that the suthor
was unsble to determine s satisfactory constent for the freezing point de~
pression of this solvent. In Table Ne. 21 are also given the &ialectrie
sonstents of esch sclvent as taken from the Internationsl Critical Tables.
The values are given for infinite wevelsnghit and at the fusicn point of the
solvent. The parenthesized values were obtained by extrapalatianf

The data on Table Ko, 21 have been put into graphicel form on graph
Ko« 19 whereby it mey bs seen thal as the electron~sharing ability of the
radical attached to the solvent proup inereases so doss the association of
the solute incresse. The ourve plving the disleetric constants of the sol~
vents shows no marked correlation while the other ocurve (E.8.A.) has only one
exception. This is the case of benzole aucid in p.@ﬁ dichlorgbenzophonone as
& selvent. Thse low regults here may be understood when it is realiged that
this determination was made at & temporature of 142°C or about 110°C higher
then the mean determination tamgar&tﬁra of the other seclvents in which asso-
eclation was found. It is well known thet an incremse in btemperature de-
creases sssociation, Beckmann (11) finding for benzoic secid in bengzene the
following behnvior:

Temperature Concentration ¥olecular Weight

5.523 0.25 mol/1000 233
80°c 0.26 mol/1000 193



&%“

henee it is not surprising thaet benzoic scid is less associated in pnpi
dichlorobenzophenone at 142°C then it is in benzophenone at 46°C. If a
ﬁam§eratu?e‘aarreetiaa ocould be mede, the point {or points) in question could
doubtless be brought closer to the cwrve. Unfortunately no way in which this
may be done is known., True the heat of the resetion of the single benzoic
seid molecide mssoclating to the double molecule iz koown with considersable
acouracy thenks to the work of Hendrixson (29) sad of Seyskowski (88}, but
in our case this energy is not applicable sinece our reaction 1s not from the
single to the double molecule but from the solvated to the doubled molecule.

In Teble FNo. 22 and on Graph Ho. 20 are given the resulta of the mole~
cular weizht determinations involving the szame solutes in a series of sol~
vents of the type R-OH. Agein correlation is cbtained beitween the measured
solvont action and electren-sharing ability while the disleoirie constant
differsnces soem to play no part.

There is one point of particular interest on the bengoic acid curve on
Graph ﬁﬁ; 20 and that is the polint which states that benzolic acid has a nor-
mal nmoleculer welipght in water. This combination of solute and solvent hag
been of particular interest to moleculer weight investigators for some time
becanss of the contradictions obbeined by entirsly different methods of at-
tack. In the first place experiments inmvelving the distribution coefficient
of this acid between water and benzene clearly state that the molecular come-
plexity of the seid in water should be approximately one-half that of the
same scid in benzene,. %here is np doubt concerning the molecular status of
benzolc acid in benzene inmsmuch as both the eryoscopic and ebulliscopic
metheods indieste s moleculnr weight about twice the normel, so ws must con-
elude (from our distribution coefficient) that benzoie acid has & molecular

weight sbout the normal in weter. Unfortunetely the low solubility of the
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acid in cold wabter prohibits any direct determination in this solvent by e
eryoseoplc methed. However, the acid is soluble enough at the boiling tem
perature so a debtormination mey be run in this menner, and Peddle and
Purner {48) carried out this evaluatlion. They noticed that the benzoic acid
sppeared to have sppreciable vapor pressure from the water solutions at the
boiling temperature and were at pains to correct for this error, nevertheless
their date when easloulated gave the acid association in water sbove that
f@&nﬁ in benzene. Holecular weights of 235 ~ 2566 were found at concentrations
#f 6 ~ 7 grans of acid in 100 grams of water.

Since many distribubion experiments invelving water with other solvents
{in sech of which there is no doubt as to the moleculer status of benzoie
acid) give benzoic acid & normal or slightly subnormal value of molecular
weizht in the water, ths asubhor came to the conclusion that the ebulliscopilo
mothod of Peddle and Turner must have been in error in this particular case
asad that the high wmolecular resulis received by them were due to causes
other thun asscolation. Ividence wws sought from other sourcos to substen-
tiste this copclusion and will be discussed briefly.

I% was found that an interesting end guite aceurste calculation can be
| made of the molecular weight of eny compound in & solvent in which it is
slizhtly soluble, by the use of the Vant Hoff resctlon iseochore provided the
variation of solubility with termperature and the hest of solution per gram
can be found, These date are known for benzoic acid in weter, Massol (43)
having found & heat of solution of 53.2 calories per grem, while Bourpoin (20)

deternined the following temperebure-solubility wvelues:
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Temperature Solubility
(degrees cent.) {grams/100 gram)
445 0,182
100 0.207
175 D.268
31.0 0.426
40,0 0.555
o 1.213
TOL0 1.781
T5.0 2.193

In writing Vant Heff's resotion lsochore we have:

2% /oo
cal £ 5 =7

In solving this eguation for §, the molal hesat of gelution, we obtains

(B = gas consbant

2 AS T = absolute temperature
Q - & (__9 S = solubility
) \ at NS = change In solubility
0T = change in temperaturs

Q= % e Q = molal heat of solution

A

g = heat of solution per grem
¥ —molecular weight of solute

.
By using the data given above, the following substitutions can be effected:

; 2 ’
&= ﬁ(ﬁﬁ‘ﬁ} = m m{}f‘}‘ﬁs
0.346  13.5

from whichs

Eolecular weight =112
and this 1s just about the result to be expected if benzolc ascid does not
agsociate in water inassmoch as 1t is known to ionize to & smell extent.

In en effort te discover what would give the irregular results found
by Peddle end Turner, the author repeated their determinsticn using the
boiling point appersbus deseribed in part one of this report. Good agree-
went with the values found by the eerlier Investigators wes obtained. How-
over, the vapor pressurs of benzole acid from beiling water solutions ap-

peers to be much greater then has been suspected heretofore. In making a
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run, erystels of solid benzole acid could be seen returning with the con-
denged wator down the inmer tube of the reflux condenser. Inasmuch as the
vapor pressure of solid benzole scid at 100 ¢ (as determined by steam dis-
+illation) is sbout 1 ~ 2 mm and in the solution used the mol fraction was
about 0,009, this should not have been. In an effort to find Just what was
the vapor pressure of the scld from such & solution, the suthor fractionally
distilled solutions of known conventretion of acid and titrated sach conden~
ged fraction with standard Ba{m"i)g 4o determine the acid content. Knowing
the mol fraction of aeid in the boiling sclubtion and in the condensed vapor,
one cen oelculate, using the vapor pressure of water at the observed beoiling
point, just what the vapor pressure of the ascid under such condliions must
have besn. %The result obtained waas about 185 -~ 200 mm. If this correction,
which is much grester then that used by Peddle and Turner, is applisd to
their results, molecular weighte of about 140 - 150 for benszoic scid ars
obtained, These are much closer to those determined by other methods and

it mey be said with quite a degree of certalinty that this exhslted vapor
pressure of the scid from the solution is the cmuse of the difficulties found
in the literature.

It is interesting to speculate as to the cause of the exhalted vapor
prossure of the organic compound in this instance. In associsbling solvents
and in the liguid stabts, bengoic acid is highly associabed, the average mo-
lecular weizht being sbout 240. In water the average moleculsr welpht is
about 120 and this is beceause our moleeule hzs been solvated by the water
to give & conplexs

, o ln-E
CgHCOOR o° [Q\KJ

This would have & molecular weight of 140 and eas such should be much more



volatile than a moleculs of the type:
{czH coon),

¥hether the solvatsd molecule would be steble in the vapor phase or whether
it would mersly enter this phuse and decompose cannot be definitely said.
However a determination of the spparent vapor pressure of benszoio acid Irom
water golutions boiling under different pressures should throw much light on
this question.

Reverting to the originael subjeot it may be seld thet in addition to
the two series R-C-R and R-OH which have been discussed in detail, the molec~
ular weight of be::mic acid wes also determined in two more series, one con-
aisting of substituted ethers of the typs R-0-R and the other of compownds
of the type R-C-Ugly where R varied from CHg~ o ~Cl. Iu both cases sub-
ataﬁ%ially‘thaoaamﬂ types of agrmém@nt as bhefore was obtained so the details

of. the provedure and results have been omitted.

v and conclusions

It must be admitted that the value of the data determined in part two
for substentiating the hypothesis regarding slectron-sharing sbility and the
solvent sction le seriously diminished by the temperature differences ap-
parent in the determinetions. These temperature differences are obvious in
Tables Ho. 20 and 21, and on Graphs Ho. 19 and 20 is shomm their'affact in
reversing the solvation order of the solvents. As poinbted out previously,
however, in every esse a correction to a mean temperature would improve the
correlation betwsen the date and the theory. Another factor that can not be
so easily surmounted is the effect of steric hindrance upon the solvetion

resction and hence upon the assceiation of the solute., As pointed out in
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part one of this paper the L.S.A. of & radical and its steric hindrance in-
eroase together in many cases and care must be taken in interpreting experi-
mental results because of this fact. Unfortunstely insufficient data are at
hand to emable us to state definitely that the gteric hindrance factor plays
part in the production of the phenomena displeyed. Rather all that can
be said is that the dielectric constant of the solveni appesars to play no
part in governing seolvent behavior and that the solvetion remction appears
to be the controlling factor. This factor is dependent upon many things,
soncentration, tempersture, steric hindrance, elecﬁrm-xsha.ring ability and
so forth. Untll more data are obtained and what is more important until =
better method of experimentel mtback is developed, the relative importance
of each of these contributing ceuses must remsin unocertain,

A search of the literature revealed insufficient data to enable us %o
form anything resembling o conplebe series for compownds of other types
then those previously mentioned. Bowever, many isolated examples may be
found that are in aeccord with that expected by our solvation theory and the

effect of slectron-sharing sbility.



PART THREE

The Application of the Theories
Developed in Part One and Two %o Related Phenomena

Foreword

The original paper of Hixon and Johns on electron-sharing ability points
out the msinmer in which the properties of a single molecule are affected by
changes of the E.S5.A. of the radieals concerned. The ideas presented in
their paper have been spplied to numercus problems invelving the properties
of the gingle moleenle and many papers have been written on these subjects.

So must also the theories presented in this paper find applicatien in
other fields related to the title subject. In contrest to the papsr of Hizon
and Johns, the properties studied and correlated by the suthor are not those
of the single molecule, bubt those of ths associsted complexes formed between
various molecules es affected by the E.8.A, of the radicals concerned., If,
as thought by many chemists, no organic reaction or change tekes place with-
ouk the reaction first passing through an addition compound stage, the ime
portance of electronesharing ability to ergenic reactions, rearrangements,
orientations, and so ferth, mey be reslized.

Several applications of the btheories develeped in the preceding parts

of this paper will be mede Lo the data in the literature.
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The function of elestren~sharing ebility in governing association in the
pure liquid phase

It is well known that many liguid substences such ss water, alcohols,
acids, amines, eto., mre highly sassociated in the liguid state. Parallelism,
to a gertain extent has been shown for the dielsciric constart of a ligquid
and its degree of association, Smyth (568) devoting & considerable portion of
his book to this interpretation of the problem. The met?wé’af agsooiation
by this explanation would be the simple coupling of molecules bscause of

their &i;;aie nopents in some such fashion as thiss

O3

Bowever it is eusy to show thet the most highly asscclated liquids, in feot
nearly all compounds that do associate even slightly, do contain or cen ob-
tain by some taubtomerie shift, hydregen in such a form that it can form
doubly covalent bonds. Thersfore the author would suggest that the ssme
}faetﬁr that poverns the association in soclution {i.e., the E.S.A. of radi-
eals attached to the sssociating group) alse governs the association of com-
povnds in the liguid state,

Unfortunately no method above oriticism is known for determining the
ém}.ecnlar weight af 8 liguid, if such & term can even be zaid to have a
mesning. All methods aveilable involve the study of some physical constant
of the compound in question and the edzapariaan of this value with the calecu-
yi&tﬁé‘ value as derived from & study of the same constant for liquids that
are known or épgaar' te be normal. The deviation of the found and calculated

value of the consbeant is interprobed as being due %o association and the
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degree of asscciation is proportional to the degree of deviation,

Ihe boiling point of & liguld compound is one of the constants adapbed
to such e study and an empiricsl relationship known es Longinescu's YJ}}E&B}
relation has been derived that shows & relationship between the absolute
beiling peint of & liguid, its density at O°C end the mumber of atoms of sny
type in the molecule. The relation iss

1,7 ,T",0t¢. = absolute boiling
points

7 7” e /Y d,4',d" = density at 0°C

Ny =i 7 n,nt 0" —number of atoms per
o 7 d 77 7" *ﬁ molecule

LX = Longinescu's constant

This constant has been svaluated by a study r{yfﬁw reguired constents
of normel liguids such as chlorobenzense, cerbon disulfide, ethylens bromide,

b

othyl cimnsmste, cotyl ether, mmfarﬂbh and found to have a value of 100.

- ]

and since ascetic scid has e boiling peint of 118%C (391°4) and hes & density

Therefore:

of 1,065 at 0° we may substitute these values in the above eguation snd find
that "n" or the mmber of atoms in each molecule in the liguid state is equal
te 13.5. Since the formule 3213 COCH requires but 8, we may say that our
association index in this cmse is 13.5/8 or about 1,7-. Propionic ecid by
the seme caleuleltion gives an index of about 1.8 ‘whi}.‘e benzoic acid with a
boiling point of 249°C (522°A) and a density of 1.15 has an associstion ine
dex of l.3.

It ig reslized that this method is only ag}praxm%a and thet the results
must be considered morve from & qualibative than e qmﬁiﬁaﬁva standpoint,
nevertheless these results do compare favorably with those secured by other

methods se they must conbmin zome elements of truth, Thereflors this relatien



wos used to caleulste the assoclation indices of & seriss of substituted
carboxylic aai&s,@f%@ﬁ@~%§§aw&-cﬂﬁﬂ§ These results are plotted on-Graph
ﬁﬁg~%$§against the electron-sharing ability of the substituted radiesl. The
result is precisely thet prediected. The mssociations do decremse in a regu-
lar fashion as the electronesharing ability of the substituted radical in~
CrOases.,

ﬁnnthar>m@ﬁhod of satimating assoclation in the liquid is that due to
Ramsey and Shields which involves the mpeasurement of the surfeace tension and
the density of the liguid being studied. While it is true that the Remsey-
Shields egquation hag been medified by meny investigetors end the results
determined using this method criticized on many grounds, it 1s pevertheless
true that methods invelving the surface tension are still considered valuable
in determining esscoisbion in the liquid phase. On Graph Ho. 22 is given a
gurve that shows the veristion of the agseoclation indices of compounds of the
type ROH as 8 function of the electron-shering ability of the substituted
radical, 4&s may be seen the agreemsnt with our hypothesis is good. This
curve was plotbed from data obtained by investlgabtors using the old Remsey~
Shields @quaﬁiaﬁs. Niewer investigations involve & function of the surface
tenglion and the density at the %eiling point of the liguid being examined.
This function called the “apecific cohesion” is thought to be e better
physical constant of a liguid to be used zs an indicator of sssociabion. At
least the use of the specific cohesion function Jdoes remove many disorepen~
eiss in %h& datn thet were placed there by the old egquation. This is es-
peeially true of the higher moleculsr weight compounds. On Graph No. 1 is
also given s curve of the same type ss the one mentioned previously except
that the apecific coheslion function was used to obtain the data,

843111 another method of measuring association in the liquid is that due
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to Binghem end his coworkers which involves measurements of the fluldity of
the compound in question. Data cbtained by this method have been plotted
on Graph No. 23)whereby it may be seen that our hypothesis is sgain upheld
by the experimenital dsta. It seems to be a cheracteristiec of this method
that high results are obtelned. By their fluidities, even compounds such
as chlorobengene, biphenyl, ethylene echloride, and so forth, are Judged to
be appreciably assccisted., This is contrary to the finding of ether methods
in moust cases.

In sonclusion it may be stated that epparently no metter what method
we {éhmw *hé}masur‘e assocliation in the liquid phase, we will almys) find
that the obgerved values will depend upon the electron-sharing abilities of
the radicals concerned. This depsndence will always be 'in the same direction
as thet predicted, and found, for association of orgeanic compounds in solu-
tion. Hence the vontributing factors in each case must be the same, i.e.,
the presence of doubly eovalent hyérogen.

The function of elsctron-sharings ability in roverning the enolization of
ketonic compounds

e
s
Compounds of the Lype @-éC/ ~C -/?3 are known to underge & tautomeric re-
V4

arrangement invelving a 13 ghift of e hydrogen by the following resction:

2 ,,@ —_— 2 ‘7 =
M C-C- Ry TR L= A
%0
70 H//fefo Forrm) e 6’/70/ Forr77 )

This‘ﬁguiiihrim has been studied by verious investigators, notably Conant
and Thompson (22) ané the varietion of the various groups concerned shown
to h#ma & very groat effect uwpon the percent encl form in the equilibriumm
mixture.
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The suthor would like to show thnt perheps the electron-sharing ebility
of the substituted radical is the governing fector in this equilibrium. The
date aveilable do substantiete this belief but they cennot be said to be
voluminous énough %o give conclusive proof.

In the first place the exasct manner in which enclization is effected is
still more or less of & mystery. It is known that equilibrium cannot be
reached in the gaseous state and that the solvent used has a great effect on
the rapidity with which equilibrium is reached and the percent encl obtained
in the equilibrium mixture. As a general rule those sclvents that promote
association also promote enclizetion. Thus in hexene the highest enclizations
are found while in weter and alechol very low values of enol percentage are
possible. It therefore sppears that the formetion of intramolecular compounds
botwesn moleoules of the solute, or associastion, promotes enolization* while
solvation of the solute by solvent molecules promotes the reverse reaction.

Lot us consider s possible associstion of & compound of the type

aisugz- By, We would heve: //E«,
o A A-C—C- 5

vk

(o) o

R

(5]

\ V4

N3-C-C- AR,

v
Rz

This mleau}.e wwl& ef course have & resonating structure between the forms:

C
T Kz

# I&a amaﬁiﬂn with this it night be mentioned that Mascvarslli and Musat-
£i (42) found thet mcetoscetio ester is associated 65% at e concentratien

of 4. -%?5 in hoxane.
100
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The dissoclation of one form of our melecule would yield only keto form
while the rupture of the other form would yileld only the enol. This disso~-
esiation of course would depend only on the relative strength of the variocus
agsociation bonds present, which would depend (smong other things) upon the
properties of the radicals substituted into the compound in gquestion. lLet
ug make & fow deductions by meking use of the theorles regarding the effect
.of electrone-sharing ability upon such bonde as developed in parts one and
two of this paper.

In the first place the substitution of a radical of high value of elec-
tronesharing ability directly upon the earbon atom concerned in the teuto-
meric shift (i.e. position Ey) should lessen the strength of the assoclated
bond formed by this atom. This would be evidenced by an incresse in the per-
cent of enol to be found in the equilibrium mixture, The available data
covering this case have been put into graphical form on Graph No. 24 whersby
it mey be sven that agreement is obtainable between the predisted and experi-
mental values as fer es they ere avallable,.

In the second and third cases {i.e. those regarding substitution in the
izr and Repe positions) no suoh definite prediction caen be mede because in
these cases the effect of the substituted radical must be transmitted through
& carbon atom before beiny svidenced by changes in the properties of the
oxygen and of the cerbon atoms occeupying the end positions of the triad sys-
tem. The chencees are that the effect would be somewhat smaller than in case
one and that the carbon atom would be influenced more than the oxygen atom.
Thus the substitution of radicals of high values should increase the enoli-
zation obtained for such & sysbem, 8till less data are available for check-

ing this postulate and nothing like & complets series may be obtained to
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show the result. BSeveral compounds that show the effect are given below:

Compound Percent Brnol in Liquid
Clg. CO-CHg CO-CHyg _ 78
H CO-CH,-CO-CHy 98 (approx.)
Colg: €0-CHye CO- Gy 39
E’EHE«' gg.cga. g:{;,gﬁgﬁ /00O

The date needed to setile the queation with regard to these three

types of substitution could no doubt be obtained by a study of the enol con~
tent of a series of substituted malonle esters in either the gaseous phese
or in hexsne solutions. #alonie ester is enolised only slightly so it
should be possible to secure dats for a geries in which B~ varied from methyl
te O-chlorophensl without heving the enclization sppromch too close to 100%
to show differences in the radicals concerned. If, as is possible judging
from the enolization of the eompound ﬁﬁ(m}aﬁ%} g+ the enclizations are too
soall to show the differences desired the relatlve enclization of the entire
geries could be inecressed by using & 4Aifferent sster group on the malonie
eeid. Thus the feollowing series of substitubted melonic esters should have
inereusing relative enolizations:

R-CH-(CO, C[CHy] 5)a

R-CH-{CC, f::aﬁs)2

ReGH-(COp Cyligy)p

R~CE~{COy 633)3

R=CH=(C0y Cgllg)y

R»&En{ﬁi}g Csﬁ'&c‘l-;;}g ete.,
sl esach series should show the varistions of the electron~sharing sbility

of the pubstituted group.



1« Theoretical considerations heve boen made to show that the sascecistion
of organic compounds should be an inverse function of the electron-shering

ability of the radiecsl or redicals attached to the sssoclating group.

2. Hethods have been devised for messuring the sssocistion of the sub~
stituted ocarboxylic acids in the vepor state and as sclutes in various sol-

vents and the above predietion shown to be substantiated by the data received.

3. A brief review of the literature concerning moleeuler weights hes been
given to show that the hypothesis in question applies to classes of compounds
other than the omrboxylic secids. A discussion of other fectors that effect

measured asgoclation is given.

4, Theoreticsl considerations have bson made to show that the reasection or
possible reaction of the solvent in solvaiting the solute, and not the dislec-
$ric constant, should be the contreolling factor in any discussion of the

affect of & solvent in inoressing or decressing the association of a solute.

5. Approximate caloulations heve been made to show the feasibility of the
solvation resction in controlling the moleculer status of the solubte and =
derivation of the normalizing power of a seriss of solvents made on this

basis.

6, The thoory of elsctron-sharing ability hes been applied te the solvation
reaction and reasons shown for bellieving that the assoclating power of sol-

vent is o direct funetion of the electric-sharing ability of the radioasl or
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or radicals attached %o the solvabting group.

7«  Emperimentel deta have been received for standard seclutes in meveral
series of solvents in an effort to prove the soundness of the sbove appli-~
eatlon of the theory of slestron-sharing ability. Unfortunately, due to un-
controllable feactors such as temperature differences and steric hindrance,
the interpretation of the laboratory results proved to be very difficult.

It wes concluded that the electron-sharing ability of the radical concerned
did heve an effeet eand that it wes in the direetion predicted, but the

degres te which the solvabion resction depended only upon this charascteristie

of the radieal could not be determined.

8. Various other phenomena that may be controlled by electron-sharing

ability have been mentioned snd e brief discussion of sach case given,

9. Various additions and corrections to the literature concerning molece

uiar woights and agscciation have been made.
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