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~'_,;SUMMARY RO

The apphcatxon of the gas chromatograpbxc column as a chemical reactor
‘was; exammed further. Specifically the kinetics of the dxssocnatzon of three reactive
methylcyclopentadxene dimers were studied over a temperature range of. 180-210°.
-~ The three isonters were sopatated from a commercial mixture and purified by pre-
j"iparatxve chromatography. Problems related to the preparatlve chromatography of
* such reactive compounds are discussed.
 Both.gas phase ‘and liquid phase rate’ constaﬁts were determmed using the
. “mert standard™ inethod “Fhe product curve obtzined in the course of the dissocia-
tion- of the dxmers ina. gas chromatographzc reactor during a single run also can be -
o used to estimate the rate constant for the reaction. The method appears general, but
- must be apphed with some knowledge of the relevant physzw.! and chemlw,l processes
Cim the TEactor. v
Lo “Solvent: eﬁ:’ects on the reaction were studxed by determmmg rate constants in
i,sevemi Ilquzd phases including a silicone, a poly(phenyl ether), an alkane and a poly-
- “ester. Results can be compared to an carlier study from our laboratories on dicyclo-.
. 'pentadxene A Pizy.s'. Ckem:, 76 (1972) 2159] “The effect of the position of the methyl
R groups on the dxcyclopentadtene rmg and ring stabzhty is, aiso dzscussed

‘_:mmonuc*lox Ll 7 ‘ | ,
2 »-Methylcyciopentadlene 1somers frequently occur in- the thermal crackmg of
petto!eum and sxmilar hydrocarbon fractlons. At temperatures below 125° they readily .

;f | associate to | gzve a mixture of dimeric isomers. Here we describe a gas chromatographlc -
reactor‘study o_f the kmetxcs of drssoczatlon of the dlmets as weﬁ as some. of the prob- ’

s pie paratwe chromatography ot‘ thermally Iabxle compounds “The- hmxted number« :
.- OF earlier studies of the kinetics of dissociation’ of the methylﬂyciopentadiene dimers.
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Fig. 1. Structv.r&s of compounds of th:s study. A= I-Metbylcyclopentadzene' B = 2-methylcyclo-
pentadxene, postulated structures for dimers ¥, II and I mdla-.ted (see text). ] ool

have. used the isomeric mixtixfes-” 4; and it is "only the acoes’s 'to pi'eparative gas ¢hro-
- matography which made the present study of the d1$soc1atlon of the mdwxdual :
isomers possible.

While three isomers of methylcyclopentadlenc can be lsolated ﬁ: are’ the 1-
methyl (A) and. 2-methyl (B) forms shown in Fig..1 which occur predommantlys
These forms associate to give the dimers indicated in Fig. 1. “The molecules. reactmg,
to give specific dlmers ‘were identified by Csicsery® throuch the use of known mix-
_ tures of starting monomers and other evidence. The tentative assxrrned structures are
supported by nuclear magnetic resonance evidence (se& Expenmental) The ‘dimers
are believed to exist mainly in the reactive endo-form®. A preparative chmmatogram
-for a large sample-of commiercial dimeric rmxture is shown in Fxg 2 thh the mdlcat..d'
composxtxon and cut poinis. - : : : :
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. chréraat gréphic reéctdr's:emplbj?ed iierefa : gas—-hquta,chromatographrc s
~-columns -with - pulse injection’2. . Both reaction ‘and - separatxon of product: from
- Teactant -are initfated immediately upon introduction of a- feacting -sample to the
colamin and coatmue tbroughout ‘the passage of the reacfant’ ‘through the column. -
:,_,,Product dxlutmn and: separation from the réactant peak minimizes the effect’ of any .
- -Teverse. reaction. The chromatograph_c reactor has been dxscussed extensively earlier. -
¥t can be. d:stmgmshed from the common micro-reactor in the incorporation of the
i ’_separatxcn feature in the column. The dissociation or retro Diels~Alder reaction oc- |
* curs-in both the gas. and the, hqmd phzzse3 6 and is readlly amenable to study in the’
. chromatographlc reactor‘ . .

: 'EXPERENEEN'E‘AL

Preparatne work
. . . The preparative chromatograph used for ab.!s study was constructed by modi- -
‘ymg a Thelco Model 18 forced convection oven. The injector incorporated a
Hamilton Model 85800 flash - vaponzatmn unit> The column effiuent was passed
" through a stream. sphtter to give a small detector stream while the main ‘portien was
- diverted to the trappmg system. The detector -was a Gow-Mac 470 thermistor cell.
‘ The' trapping tubes were of a “J” shape instead of" the frequently used “U” tubes.
‘_The extension of the inlet leg seemed to make the traps more effective. _
‘...~ The columns used for all preparative separations were constricted from 0.95-
,cm-() D. stainiess-stecl column with Sificone DC-550-Gas-Chrom R (20:80) (Applied
Science: Labs., State College, Pa., U.S.A.) packing. The packing was a 3040 mesh cut.
. The opumum flow-rate was determined by 2 Van Deemter analysis to be about 270
ml/min zt a: temperature of 110° for a 366-cm column. Samplea were trapped in the
L “tubes immersed in a dry ice-acetone bath.
" .- Analyses of trapped fractions were performed on a Carle Modet 6500 chroma—
: ,tograph with an aluminum column (183 X 0.3 cm), packed with 20% Silicone DC-
SDO—Gas-Chrom R (60—80 mesb) Impure fractxons were recycled through the pre-
. paratweumt Al e
- Structure asszgnment - B S W o :
- i To ldentrfy further. the structures of the d.merlc isomers, nuclear magnetic
'resonance (NMR) spectra were obtained  for CDCl; solutions. of each dimer on a
" Varian: EM-360 spectrometer. The NMR spectrum of dimer I indicates the structure

t0-be 1,4~ or 4, 7-drmethyltncyclo[5.2 1.0%%]deca-3,8-diene. The NMR spectrum of
f'_dlmer I indicates either 4,9- or 4, S—dlmethyltncyclo{s 2.1.0%%]deca<3,8-diene. From
the spectral data of dimer Iif' the structure appears to be either 3,9- or 3,8-dimethyl-

-~ trieyclof5.2.1: 025]dwe.-3 S-dxene- Further elucxdatron of structures is. dlﬁicult from
: _' NMR spectra alone o2 :

B 'I'he rear‘tor is a modlﬁed versron of an ea:her modei descnbed elsewhere The
,{ho 5 ontal 25-€m X Sl-cm cyhndncal air-bath is- iocated inside a 36-cm X 36-cm X
{-91-cm aiummum box Marlmte strips were bolted toa 70—cm-dtameter coppercylinder -
_inside the 6ven on which nichrome heating wire was non-inductively wound. A Model
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703 T omngton b!owa:r powered by a 1/3—hp metor cxrcxﬂated the a.:r rnsrde'the oven
X 'by pulling air up the inner -cylinder and pushmg it through the annurar space. The -
air inside the inner- tube was exchanged at a rate of 2.7 tzmes/sec T
-~ .- The temperature was conirolled by smtchmg an external. resxstor in a.nd out of a
the mchrome heatmg wire c1rcmt which operates at constant voltage The tempera-'
ture was sensed by a nickel resistance thermometer and was controlled to 4-0.03°
‘ durxng the course of an expériment. The oven temperatm:e was measured by a déep
imrnersion thermometer, which was calibrated against an NBS thermometer, and was -
corrected for the spat:al ‘temperature variation inside the oven. .
: The detector was a Gow-Mac Model 460 thermal conductlvxty cell w1th tungsten :
'ﬁla_ments w1th a Gow-Mac Model 40-001 power supply. The' helium carrier gas passed
into the oven through the reference side of the detector before n‘. mlxed with the sample ;
m the Carle Model 3510 on-column injector. : .

Coiumns = ’
Four different hqmd phases were used in this study All were 20:80 hqmd,

phase 60-80 mesh Gas-Chrom Q (Applied Science Labs.), the most inert packing of
which we were aware. The columns were made with 304 stainless-steel (0.49 cm 1.D.)
‘tubing. Column lengths ranged from 122-244 cm. About 0.8 g of packing/10 cm was
used. The columns were Silicone DC-550 (Anspec, Ann Arbor, Mich., U.S. A ), 183
c¢m: 6-ring poly(phenyl ether) (Amspec), 183 cm; hexatriacontane (Humphrey,
‘North Haven, Conn., U.S.A.), 244 cm (dimers I and II, 180°), and 122 cm for all |
others; phenyldrethauolamme succinate (Anspec) 244 em.- L

Kznetzc measurements

. - The correction of the reactant area for product mterrerence is. descnbed else-
where. Areas were measured with a recorder equipped with a disc integrator (6000'
counts per minute at full scale deﬂectxon) Other procedures common in chromato-

graphy have been described!-"-%.
PREPARATIVE CHRO\{ATOGRAPHY OF RE_ACTIVE COMPOUNDS

"Most compounds can be separated and punﬁed by preparative chromatog:a- j
 phy with little effort. Once the proper stationary phase and operating conditions have
~ been identified, even partially resolved materials are readriy punﬁed In fact, oparating

- conditions frequently are adjusted to allow peaks to- overiap, since sitcch conditions
(e.g., higher temperature and flow-rate) may be most conducive to hrgh throughput"‘ 7
- However, in some circumstances overlap is indicative of complicating reaction in the "
column rather than a faﬂure {o attain conditions for resolutxon. Clearly, if- product '
peaks elute with adjaeent peaks on ‘the column,’ separation is complicated. - o

For this kinetic study, it was necessary to separate the dimers of Fig 1 from.
L a commercral mixture. Although dimer I, _resulting from l-methyleyclopentadlene
" occurred in comparatzvely small amounts, its limited reactive nature allowed: simple
. preparative separation. Am;lysrs of the .other dlmers, ‘collected in a conyentional -
. manner, showed both to be followed by impurities, apparently due to xsomenza&on. -
: . Verification of chemical reaction is illustrated by the preparative” chromatic-

i-grams of Fxg. 3.Fro 3a ihustrates the chtomatogram obtamed from an untr:&ted{-
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Fig. 3. Preparatwe chromatography of a dimer mixture showing the effect of sample origin and column
treatment on the production of non-reactive materials. (@) Untreated column—Supplier A, column
183 x 0.95 cm O.D.; (b) Supplier A, column 366 X 0.95 cm O.D., after several column treatments;
(c) Same column as (b) —Supplier B, after several preparative runs; (d) Same as (c), except injection
follows column treatment. All columns Silicone DC-550-Gas Chrom R (20:80). Operating con-
ditions (a) T = 120°; Flow-rate, 126.7 ml/min; AP = 18.9 cm; (b} T = 116°; flow-rate, 264 mi/min;
QT = 113° flow-rate, 263 ml/min; (d) Same as (c); AP for b-d = 724 cm.

preparative column, while Fig. 3b shows the chromatogram obtained with the mix-
ture (Aldrich, Milwaukee, Wisc., U.S.A.) afier a longer column has been treated with
a commercial silylating agent (Sily 8; Pierce, Rockford, IIl., U.S.A.). Fig. 3c illustrates
the deterioration of the packing surface after several preparative runs with another
commercial sample (K & K Labs., Plainview, N.J., U.S.A.), while Fig. 3d shows the
effect of additional surface treatment of the column onr separation. The elimination:
. of the peak following III and the improved resolution of II and III is apparent;
- evidently both effects stem from surface hydroxyl catalyzed reaction on the column.
To minimize the effect of any isomeérization of reactive dimers II and III, the trapping
schedule of the legend of Fig.2 was finally adopted. Analytical chromatography
showed it to be satisfactory. Columns utilizing much more expensive silylated com-
" mercial Gas-Chrom Q showed minimal surface catalysis at higher temperatures.

. THEORY

Tn the gas chromatographxc reactor (GCR), concerted reaction and separation
process&s take place throughout the chromatographic column. We have discussed
. such reactors extensively on a number of occasions'-?-’. The first-order dissociation

_reactions of interest here are particularly suited for the GCR apphcatxon because of
the ease of separation of products from reactants, thus mmumzmg ..he effect of any
- reverse react!on or tendeney for side reaction.-
= - The hypothetical reactor chromatogram is realized in practice, as one can see
: by exammmg Fig. 44 for. chssomatlon of dimer III, for example. The tailing of the
- product peak into the reactant peak distinguishes thls chromatogram and similar
ones Erom conventnonal chromatograms, whe*e only sepatatlon takes place The



; There ate a mzmoer of techmqaes for obtémmg rate constants fmm reactor:_'_;
- nromatograms We will bé concerned with: only two hére. One is the ““inért. standa.td”_’
method whxch we use fo" obtammg the most accm‘ate data.‘ Bewuse of the possxbxkty -

e also descnbe the “product cm:ve” 11:1&:&1:10{12

R Inert standard method1 R SO S ' SR
. In this.approach, a continuous’ mode! ot‘ a homogeneous coiumn is combmed .
. thha material balanice on a reactant pulse which is passing through the .,olumn‘ 0.1,
When the dxfferentxal equatxon ‘which results is solved ‘the reactant concentration can
B be rﬂlatcd to the position in the column, x,: and tlme, t. Reiatzonshxps can then be ob--
tained to alIow the calculation of first order rate constants. The treatment assumes
1‘eactxon in both gas and hqmd phases ThL. occurs for the reactwe compounds of -
mterest here. S
o . Each species of the m:xture mtroduced to the colamn is pamhoned betwean:
the gas and liquid phase and transported by the carrier gas. With. rapld mass transfer
- between phases. and a lmear adsorptlon lsothm:ml 7, the partmon coeﬁicxent, K can
- be denned by ‘ ‘ S - : : , »

K=ci, (1)

,whcre Cz is the concentratxon of any specxes m the hquzd phase and C the concen-
- tration of that: species in the gas phase. Kisa functxon of temperature.. Sma.ll sample
- size: (0 4 ,ul), even asa pulse assures mlmmal heat eﬁ‘ects from solunon and feactlon
,processes T »
- - Ifthe reactor cohzmn is operated ina reglon whe:e dxﬁ'usxonal eﬁ'ects are not

lmportant, a material balance on a differential element of the cclumn where a homo- '
geneous ﬁrst order teactxon takes place in both phases ylelds LT

+f;( " ) fg(i[ug’c‘-ﬁ) fgk C flkzcz (2)

Al

, avhere f; and ﬁ are volume fractxons of tne phase and the hquxd phase, respec—i

tively, u(x) is the hneat velocxty of the carrier gas at; dlstancex from: the column mlet,r

. and k, -and k; are first- order. homogeueous ra.te constants for the mdwateé phas&. L
2 The boundary and mmal condmons are B TR .

L «.,g(x,t) 1s the concentration at po_n




at’ the coiumn infet (x == 0) are. known and concentraﬁens af: the ouﬂet (x= L) can:

he @ejcul ited.: Upon mtegratxon of both’ inlet: and outlet’ concem:ranons OVEr appro- -

: pnate ‘periods of ‘time,’ the weight of reactant mjected Fias and emergmg f}:om the
_,olumn W-;g, can. be calctxlated‘ 2 For a beunded mput LR .

W &b . f } flkl - o
=g t,where s Ko R 4
W = xp (ﬁg _ :3 7 o ( )
"'-":,'_;77—_6??("7 tg—i—k,t,) - i . o : B <
--,'A ._dnt i "7 . ’ - .
: 'Whe"e t is the tlme speat in the gas phase and fis the time spent in the liquid phase
' Slnoe o _
- ‘E ‘ %, f; : . S - - . C S ’ ( )
) “and smce z /t, is constant fora gwen column and: temperature eqn. 5 can be rewritten
ag 7
E W::‘_ = ¢€Xp Fapp #) . - : A ‘ ) @ ,
‘where |
o k‘ubp' =»_k! B ky% ' - ’ s ®)

.

Eqn 5 is mdependent of- the mput pulse wave form. Smce the area under a
-reactor chromatogram peak is proportional to the total ‘weight of the corresponding
: compound as it passes through the detector .

—'krapv‘ - ) V’ . - ) ' ) 9

~where A » is the area under the emergme reactant peak and 4% is the area of the inlet
' reactant peak if the detector had been placed at the inlet to the column. Inclusion of
~an inert’ compound in the reactant mixture produoes a peak with an area (A,)‘ 2
_ jAddmg ln (A,) to both sides of equ 9 and rearrangmg g:ves , :

ln( ::;) - ka‘pétz-r"!n( jo[ ) : | - (IO)

i ','I'he mmak area ratw A ,/A R is the eame for aII samples of the same reaction mxxture :
’:A 2 AI and. t are measm:ed readziy In a reacior column where 7, is very small relative
- to #,, the effect of the gas phase rate can: generally be ignored. It is also important to
»'as ws have shown, that a good eshmate of k is ameazble if tg/t, is vaned '
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- Fig. 4. Inert smndard method for detammmg rate eonstant.. DLmerIII d-socxaung to form 2-
metby!cydopentadzene at 180.08°. Column, 122 X 0.49 cm LD, hexatnacentane-Gas Chrom Q .

- (20:80). A = Air; P = product; R =reactant; I = inert phenyl ether. (@) "15% coaversion; -
- flow-rate, 65.7 mi/min (corr), AP = 31.3 cm; (b) 25% conversion; Sow-rate, 33.5 m]lmm (corr);
.42 = 16.2 cm; (c) 34 % conversion; flow-rate; 22.05 mi/min (corr); 4P = 10.6 cm; (@) 50% conver
sion; flew:rate 15.6 ml/min (corr); AP = 6.8 cm. In (d) the area under the dotted ra.mp line in the

reactant pmk approxxmam the area under the dashed lire or m'oducs eluted with the rmctant ’

i.e., the percentage of hqutd ‘phase relative to solid support is vaned for s1m11ar col—
mnnsI 2 Tt i is obtamed from eqn. 8 and several valu&s of kno relatwe to f/ /t,.

Praduct curve mlelwa’2 14,15 :
The shape ofa product curve on a reactor chromatogram as can be seen from -
an. 4d oﬁen resembles an exponentlal demy. The possﬂnhty that reactlon rate con~

1 (Ag/Ag)

"L'»'




;_'--:t‘mm the'shape of the feaetor produet cm've can. be develeped based ona material
balance on the' pzoduct in an “ideal” chmmatograpmc reactor. The detaxled develop—
ment: 1s shown in the Append:x 'I'he resuit for a cquare wave mput is

'

Ky = i

in (}:ecorder response)]

,szope { Hme an

L : fr— lip

where t; R and %, p are: the tesxdeace times in the hquxu phase of the reactant and the
B product, respectively.. Both of thm values can be obtained: from chromatograms if
~t;5 the residence -time in the gas phase, is also measured. It should be remembered
‘that the chromatographic ‘curve obtained for the ptoduct resembles that’ observed
. for frontal analysis of the same material®. Thus :, P should be measured at one half
fthe step helght of the product cm:ve

_RESULTS _‘

v ’ Typ1ml redrawn (for scale suitability) chromatograms obtained in this study
for a range of conversions involving the dissociation of dimer III in hexatriacontane
i are shown in Fig. 4. Values of ¢, and t, were obtamed by measuring from the time

_'TABLEI

- LIQUID-PHASE RATE CONSTANTS ki, FOR DISSOCIATION OF METEYLCYCLOPEN-
"TADIENE DIMERS )

kX 103 (sec"‘)

.. 7.** Standard deviation. Rate constants estxmated by Iast squars analysxs,
: »“‘Valusmparmthsesa.:eraﬂosoft,toqmmuzedat190°' o
L 5D1q¢dopentadsene(DCPD)constantsrepo:&dmm.Lv-,,jt

Dimer - Tenp,
- - &)
o - Silicone DC-550 Poly(phenyl PDEAS*® n-Hexatria- Gas
’ -ether) (6-ring) contane
I 180 - 0.3634-0.006"" 0.502X0.005 . 0.496i0.016 0.345+:0.0069 —
o 1%¢ 1.0164+0.055 1.19614-0.042 -1.2413-0046 0.8971:0.024 0.504540.030
§ 0.143)*" 0.136) (0.456) (0.091)

S 200 C 27780177 2.7741+0.056 2.548+0.116. 2.05510.072 1.255-:0.080
CHC - 180 04010014 05180005 0.521+0.025 039320010 —

. - 190 1.185+0.032 1.269+0.040 - 1.4134£0.055 09640015 0485-+0.026

s .. €0.126) €0.121) © - (0.408) (0.084) .
. - 200 2.668-£0.049 3.100£0.057 = 3.i771+0.114 2.0234+0.062 1.2031+0.045

TI - 180 . 044040007 - 0.55510.009 051210012 841010013 —

: : © 190 .. L185+0.024 1.391-+0. 015 . 1.244+0.037 - 1023140033 0.605+0.034
T (0109 (0.099) . - -(0.326) {0.0669)

L e - 200 2.6684:0.087 . 2.979&0 045 - '3.I4Si0.089 2:12530.053.  1.459--0.080
" DCPDf 180 ~ 04610017 056810012 0.568+0020 0457+0003 — o
Tl 190 - 11894004 1.280;—_001 L 393:004 1.077 001 0.601 10.034 -

(= 7. B -(0.155) . (0401). . u5) : o
- 200: - 2.6431-0. 07 2.924-—003 3.099——-0.08 —_ 1.4324-0.038
Pimny!dxethanolamme succinate: . - ' ‘
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E of pulse mjectxon to the air peak (A), and from the tlme of emergence of the air peak
* to the reactant peak (R) ‘Reactant areas were measured with a disc mtegrator, cor-
- “rected for the | presence of product with appropriate measnrements‘ 27,

g ,Plets of the In (mert area,/reactant area) against residence time in ihe liguid
= phase are shown in Frg 5 for drmer III in hexatriacontane on Gas- Chrom Q. For in-
‘creased a aocuracy, two_conversion Tuns are made at ‘edch flow-rate. The averages at
. "'severai temperatures are shown in Fig. 5. The data give good linsar plots for the tem-
- peratnres shown; the other dlmers give sum!ar plots. The approach does seem quite
satisfaetory ‘The apparent Tate constants obtained from these plots. with ¢ eqn. 10 can
- then be. converted to liquid: phase rate constants with: the aid of eqn. 8 and a knowl-
;jedge of Ic,. VaIues of &, do not’ have to be known with great accutacy Fortunately,
! they can. be cbtamed by a gas chromatoqraphxc method wrth ‘the'use of eqn. 8. Such

;;?.}'he mmments Were ot made exacﬂy at: the m&rcated temperatures However,
rete constants were adjusteé sh_htly usmg an Arrhemzzs expressron, s0. that reactxon

§ 1 ;—szgnzﬁmt dlﬁixsron. I-{o N '_;very fast ﬁow-rates ca.noi: be em—i '.‘{
- ployed either, since mass transfer pmcesseecan becomie: rmportant. The Varz Deemter -




.-’.'equauon" apphed thhout cons'derauon of rmctzon can g:ve ‘some mdlmtz i of

*upper flow limits (lower feasnble comerswns) Lifile eﬁ‘ort was made to refine the}—:"

-data of Table I However, it is apparent that the gas chromatographxc methed for

, obtaxnmg Kinetic data is viable for complex labile: systemis of the type s‘udxed here.

. For the complex methylcvelopentadlene dimers, only somekmetlc data from Franklm s

- work on the dissociation of the liquid uommercml m1xture .age comnarable‘ Hxs
" values of 37.1 kcal/molz- for the actl\vatxon energy and 13:1 for the loganthm of A
(sec™?) are quite compatible with our values for individual isomers in Table II. *

On reviewing the data of Table I it can be seen that solvent effects are ‘not
great for the methylcyclopentadiene dimer dissociation!. However, these are large
relative to substituent position effectsS. Substituent effects can be srgmﬁcant dimer I

~ with its electron-donating methy! group close to the. bridgehead does dissociate - ata
slower rate than do the other two dimers and the unsubstituted dxeyclopentadlene. :
This is in agreement with other resuits on the retro Dle!s-Alder reaction when electron -
releasing groups tend to retard reaction®!” {or bond breakme) Dimer- H tends to
react at a slower rate than dimer IH but does not always do so. The expianatzon for
this is obscure. The effect of placement of methyl groups removed from the bndge-
hezd carbon is quite small.

In Table I, the valuss of &, the rate constant in tbe gas phase are . most in
doubt. For dicyclopentadiene, we have listed gas chromatographxmﬂy determined gas
phase rate constants from our laboratories which are about 75 9 of the values of -
Kwart er al.*® and Herndon et al.’®. The data of the latter two gtoups also show some
variation. We-are, of course, drawing fine comparisons in a region where small

~ errors in Arrhenius parameters may cause consxderable variation in absolute values.

_ The interest in the value of the gas phase rate constant is strong because it is needed -
to calculate the value of the liquid phase rate constant according to eqn. 8. Our use
of zas chromatographically determined values of %, is based on the assumption that
these are most pertinent to the expenmental condmonsl 2. Furtunately, the ratio of

/Y generally is'small, often of the order of 0.1 (see Table I). Thus the contribution
of the accuracy of &, to k,;, on the determination of %, is small and k,,, generally
approximates to k; except in the case of phenyldxethanolamme succmate where it is
more significant, as md.can,ed in Table I and by eqn. 8. S

A comparison of the liquid phase rate constants for the methyl-substltuted -
dimers with unsubstituted dicyclopentadieae also shows that ihe eﬁ'ect of the eleciron-
donating substituent is to retard the rate®S. As the substituent methyl- group. is re-
moved further from the site of reaction, its effect is diminished, and ratc constants
for dissociation of dimers I and I differ from. dxcyclopentadxene at about on}y :
shchtly more than experimental error. - '

The energies of activation and frequency faetors for the reaetxons as shown in
“Table II often give a more detailed overview of reaction factors than rate constants'

_ alone. Unfortunately, experimental ertors in the determination of such parameters‘

- often run hkigh. It is well known that some error in the detcrmination of one of these -
_parameters can affect the denved value of the other. However, the weight’ of evxdenee ‘
here, combined w1th other evidence and ‘the common view, indicates’ that solvents"'r

' generaliy increase ‘the rate of reactmn‘-28 lowering both energy of activation ané" :
frequency factor. The Iatter is related to the entropy of act.tvanon, Tower values e

' ﬂectmg more neoanve entropxes of ac‘lvatlon Usmg the frequency factor entenon, s
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so!ven media generally do seem’ to ha.ver-a cage eﬁ' I&ss conducwe to reactlon
than theless restricted gas ‘phase condition. -1 ¢ - '
ST Givenr thﬂ observed small- solution effects, spec:ﬁc solutlon eﬁ'ects mvolvmg .
o mctant—solvent interactions are dxfﬁcult to 1dent1fy Of the solvents studxed here,
' »phenyidzethanoiamme succinate and poly(phenyl ethet) seem to promote reactmn.
For dxmer HIT both solvents seem to lower the energy of activation. = :
“The “inert standard” method is obviously best suited to laboratones with
o spemal chromatographs fitted for reptoducxble temperature control in both time and
. space. However, there are many situations where reactions take place in a chromato-
- 'graph where it is desirable to measure or estimate rate constants from 2 single run
. during which time the temperature is constant. This consideration led us to investigate
“the. “product curve’ method further. With eqn. 11, it is possible to measure rate con-
‘stants from a single run and compare them with the constants obtained by the inert
standatd ‘method. An illustration of the appropriate plot is shown in Fig. 7. Agree-
ment with the inert standard method is within about 20%, as indicated in the figure
!egend We have made similar calculations and have found rate constants determined
~ by'this method generally to come within 20-30 % of the rate constant. The parameters
which govern the apphcnbxhty of the method are still in the precess of identification.
_However, high conversion and relatively low residence time in the gas phase, where
product diffusion can take place, are factors which contribute to making the ap-
proach tractable. While this method requires further investigation, it does seem useful
- and -adequately developed at this time. It adds to the information available from
the product curve.

o
o

e
|

Ln RESPONSE

RESPONSE

TIME (SEC)

Fxg. ‘I. Product curve method for determmmg rate constant Lﬂustrated by duner I decomposition in
ra- hexatnacontane—C:..vChrom ©Q (20:80) column at 199.8°. Curve (2) shows product wave, P, de-
- mym -into mctant peak, R. Rate constant obtained by replottmg Pon loganthm scale as shown in
* (b) solid line.’ & ape. = Kapp {t. &f€fr,x — £1,2)}. This is for 6894 conversion. K., (pPreduct curve) =
-0002595&: 1 k,,p(mcrtstandard) 0002235&"‘ = :045ec fr.p = 40.8sec. - _
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ff'APPENDiX R

: Fradzcct curve method* ‘-"“':: LT ;
©i 7 The matenal balance for the product m a sectlon ef the GCRin th absenee,
; ofdszusxon,s e RS T :

f;(aC”) fl(ac,p‘); ﬂa [u(x)CgpIJ-ﬁ;"e‘f'fl-

_-Wheze C, sand C, P are molar concentratxons of prchct in sthe gas:and »h.auxd' phases, -
'respectwely Rates are. for product formatlon The mmal and boundary cfmdmons

_ Fcr ﬁrst o:der reactxon _eqn. Al can be rearranged to gwe e S

(fg-i—Kpf)( ")—’-fga {a(x)C,;]— ,pu; nf,_k"xg}c

- each mole of reactant
S Deﬁmng :



Ad c 0
‘?“““"”J‘-. ‘f‘f;l "P] —,Zéﬁ "

5;qn(s>e-m+a o L)
: ,The equatmn 1s solved usmg the mtegratmg factor s

exp {aa se (x)}

The resuIt m the Laplace domam s

U (x) C, £ — .Bu Eg)g;is-)-—n:’zf)ls [e-.a sf(_x) - , “(51 +a s)r(x)] 7 e (AT

‘ -'The ar& under a product curve ona reactor chromatogram is f

fmqe)ds o

where RR is the recorder response The welght of sample eluted by t1m° t from a
’r:-'column of Iength L is’ S o : R 7 »

—M.J paEpw e

18 the cross. sectmn area of the gas phase and M 15 the so[ute molecular
-Area and welght a:e refated by BN EETRE L Lol

[
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o Kagp g
p = S

Where t, P and t, R are resxdence tlme of product and reactant in the uqmd phase =

_ a_(O)agMp‘ 'msﬁ -1 (P(S) B _,,,:, _ se; ;, |
RR(t)__ Sp. - :C!R‘—;P.?"{ ﬁl [er P» 3 .(ﬁ'}.'{' R) ]}(AIS)

ax—ap

Smce z(s). appears in eqn. Al3, the product curve depends on thP mput wave
_ form. It 1s useful to deﬁne a mew apparent rate constant - : :

et m e
rrleavdixng' to -
DA L S S A
» ) Lig— Iip : : T
, 'Also'deﬁning‘ R
a. M'nPﬁ.l . ) T '7;7 ! :>>:> ___
B-uO—“——i—— S . - (A3
0 © (ax—ar)sp_ , o o t)
7 egn. Al13 becomes
R,R'_(t) = _B" g-r { ;_ggl_ [e_,tp : e—"_R:';-‘;pp{‘R“"F_)}} '{ = (Alé)
e ’ S—%—kepp BRI S B R REEE
App;ymg the convolutxon and shzftmg theorems to. eqn A16 and <o£vmz for'v;

 the recorder. response to product elated between tp and tg (plod . T f:_‘ € : ¢k %
reactant) S T . B el

T e , L
RR(:)—B.,e tagprr— prf o (V) esm® dv
ol vl -
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unit square wave input is defined as

fbr an mput of Bs q:(t to) Eq_n Al? becomes .

RR@= 3 co/k...” w [eka»'o —1je bty qalgy
for:,-—t.,<t<tg._ R ‘

“From the ioganthm of ﬂ:us equatlon, a pIot of In recorder response versus time -
has a. slope of —k' appe L
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