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Gradient porosity poly(dicyclopentadiene)
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This article describes the preparation of gradient porosity thermoset polymers. The
technique used is based on polymerizing a solution of cross-linkable dicyclopentadiene
and 2-propanol. The forming polymer being insoluble in 2-propanol, phase separation
occurs. Subsequent drying of the 2-propanol gives porosities up to 80%. An apparatus
was built to produce a gradient in 2-propanol concentration in a flask, resulting in
polymerized gradient porosity rods. The resulting materials have been characterized by
scanning electron microscopy (SEM) and density measurements. A mathematical
model which allows prediction of the gradient produced is also presented.

[. INTRODUCTION published in this area, and attention must be paid to ter-

Functional graded materials are materials engineere@'nomgy' The expressiogradient polymersiesignates

with gradual transitions in microstructure and/or compo—e'ther a gradient in concentration of one monomer along

sition. The motivation for producing gradient materials,f;jl single gha'? of CIOpOIgsﬂﬂs(alfo rtr]ore”adeqéjadtely
comes from functional performance requirements Vary_ermedgra \ent copolyme oriunctionaty grade

ing with position within the elemerit? Graded metals polymeric materials (FGPM). The main techniques for

. . - - s _17
and metal—ceramic composites have been widely studief od(;;cmtg FhGPIM are dlffbu_smg p(ilr)]/merlzatl%ﬁh. and Id
for extremely demanding structural applications, such aRowaer technology combined with compression mold-

18 . . . . . .
aerospace or internal parts of high performance en@nes'.ng' The first is limited to thin parts, and the second is

Indeed such materials were mainly designed for in_diﬂ‘icultto apply to polymers and limited, for compaction

creased resistance to thermal stresses. The differeffaSons: o symmetrlcal Sh?pes- Graded porosities are
methods known to produce gradient materials can bgevertheless qguite common in polymers_, den_5|ty gradi-
classified in two categories: constructive processes an nts often being induced, more or less intentionally, by

transport based processeJhe first type consists in oaming processes such as reaction injeption mpi‘&ing
building the gradient, layer by layer, with the appropriateor phase inversion techniquéSThe porosity gradients

distribution of constituents. The second relies on naturaébtalned with these two techniques arise from transport-

transport phenomena such as diffusion or heat transfer gsetd procgtsses.l To our kno(\j/vledge no englnetereci_gra-
create the gradient. Gradient porosity materials hav ient porosity. polymers, produced via a constructive

. : . have been reported.
been produced mainly using spray coafiray powder Process, .
technology>~’ Other reported techniques include self- Recently we produced macroporous poly(dicyclopen-

ropagating high-temperature synth&sis electro- tadiene) (PDCPD) via chemically indL_Jced phas_e.separa—
Eheﬁqigal m%difigation (ﬁc porous p?/eforrﬂs. tion (CIPS)?* This technique consists of mixing a

Functionally gradient composites containing polymersptc’lymer'zzblﬁ mon%mer IW'th a r|1onr|eact|ng ::?Ll{'d ZUb'
have also been investigated. For example an epoxflance’ which can bé a low molecular weignt liquid, a

carbon fiber gradient composite has been produced using/)lymer, etc. The enthalpl_c ar_1d entropic changes_ of the
a centrifugal method® and polyimide/aluminum and stem due to the polymerization of the monomer induce

polyimide/copper gradient composites have been mad@ change in solubility. If this substance is carefully cho-
by powder technolog¥**2 For polymer/polymer sys- sen, the solubility change can be large enough for this

tems the most important application is gradient refrac'[iveSUbSt"jlnce to be soluble with the monomer but nonsoluble

index optical fibers:® However, very little work has been with the poly_mer. Such a _substance will thu_s separate
from a resulting polymer-rich phase generating a two-

phase morphology. This principle has been described
earlier as chemical coolintf, polymerization-induced
AAddress all correspondence to this author. phase separatioft reaction-induced phase separa-

b present address: The Angstrom Laboratory, Uppsala Universittion.?* >’ Epoxy and cyanate systems with well-defined
S-75121 Uppsala, Sweden. porosity have been produced after extraction of the

Downloaded from https:/www.cambridge.org/core. dniMé‘@%f@%@leM@rym iﬁ%a]gd‘#} a%QQ%ZBL @b?egpc;]) m@ﬁi@lﬁ&%@@{%MMVailable at https:/www.cambridgggr%/core/terms.

https://doi.org/10.1557//JMR.2001.0280


https://core.ac.uk/display/85221382?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1557/JMR.2001.0280
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms

A. Della Martina et al.: Gradient porosity poly(dicyclopentadiene)

separated substance (low molecular weight liquids can

be extracted by drying for exampl&J->* This substance

is, in such cases, often referred to as a porogen, as it will

template the final porosity. Stir bar

In the case of highly cross-linked polymers such as
divinylbenzene and PDCPD, the enthalpic and entropic )
changes induced by polymerization are large enough to
induce phase separation over a wide range of initial po- )
rogen concentrations. This allows the preparation of ma- —
)
€)

fa)

Isopropanol

b
6
terials with closed porosity for low initial porogen Magnetic —— DCPD & Ru-cat
concentrations and up to 80% open porosity for high stirrer
porogen concentratiorfs. Thus, by creation of a gradient
in porogen concentration in the initial mixture, a full d
range of porosities can be envisaged in a single sample.
To create this gradient, a technique similar to that used
to produce gradient density columns has been adapted. Sa
The aim of the present work is to study the feasibility of Elevator \—~€+—— Mixture of DCPD,
this novel approach. The resulting gradient porosity bars \ S Ru-cat & Isoprop.
are also anticipated to be helpful in understanding the
phase separation mechanisms occurring with CIPS. In-
deed, the concentration gradient produced along theiG. 1. Schematic representation of the experimental setup used to
sample allows monitoring of all the possible phase sepaproduce gradient porosity poly(dicyclopentadiene) bars: (a) top sy-
ration behaviors for the chosen polymerization Condi_ringe; (b) top needle; (c) bottom syringe; (d) bottom needle; (e) flask.
tions. The resulting materials will be characterized
by density measurements and scanning electron micros-
copy (SEM). Solutions of 10 wt% Ru-cat in either dichloromethane
(for samplesl, 3, and 4) or 1,1,2,2-tetrachloroeth-
ane (for sample2) were prepared. A 20-ml volume of
II. EXPERIMENTAL DCPD was then added to 2 ml of catalyst solution. For
A. Materials samples3 and4 only, after solubilization of the Ru-cat in
Dicyclopentadiene (DCPD: “Petroplast 94%” from f[he DCPD.’ the dichloromethane was evaporate_ql by plac-
ing the mixture under vacuum until no more boiling was

Shell, 94% pure, mainly endo and containing stabilizer, . )
trimers, and other products) was degassed (5 min undé)rbserved' The mixiures were added into the bottom sy-

1 mbar pressure and then purged with) Mnd stored ringe, and 20 ml of 2-propanol was added into the top

over 5-A molecular sieves. 2-Propanol, dichloromethaneY""ge- The stirrer was then switched on and the neede

and 1,1,2,2 -tetrachloroethane (purum) were used as re_étoppers r_emoved. To avoid mixing in the reqeiving
ceived. The catalyst, Rugth-MeC,H,CHMe,)(PCyy). flask, the tip of thg bottom needle was kept agalnst. the
where Cy = cyclohexyl and abbreviated Ru-cat, Wassurface of the mixture by lowering the flask with

: A the elevator.
i?/nngryesslﬁgﬂ’” eao(l: cl;);dglg |\}|?|n|2E22ﬁtt(giTgi Ssriﬁézg?ty After formation of the grao_lient_, the flasks were sealed
Chemicals). and placed for polymerization in a preheated oven at
80 °C for 20 h. The flasks were then broken and the
samples dried under vacuum in an oven at 84 °C,
for 3 days.

On the basis of the general procedures for building
liquid—liquid gradients’® the samples were produced as
follows:

First the setup shown in Fig. 1 was prepared. This Samplesl and4 were sawed using a disk saw (0.5 mm
setup consisted of two stacked 30 ml Luer Syringes, thé¢hick) to obtain regular disks of 2-mm thickness. The
top one directly pouring into the bottom one. A 90°-tilted density of the disks was obtained either by weighing
magnetic stirrer was mounted against the bottom syringthem and determining their volume with a caliper (open
to induce the spinning of the magnetic stir bar immersedgorosity disks) or by using a Mettler Density Measure-
in it. The bottom syringe poured in a disposable 45 miment Kit adapted to an AT261 DeltaRange balance
screw cap flask. Initially, the syringe needles were(closed porosity disks). SampBewas notched along the
plugged. axis and fractured at liquid-nitrogen temperature.

B. Preparation of the samples

C. Characterization techniques
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The fracture surfaces were gold sputtered with achosen to be well below the glass transition of the
BIO-RAD Polar Division SEM Coating System, Sputter PDCPD matrix, thus avoiding softening which could re-
Coated E5400, operated at 1 kV with 20 mA current forsult in collapse of the foam structures.
60 s to obtain a gold layer of 20 nm approximately. The The polymerization along with the accompanying
gold-sputtered fracture surfaces were observed by SEMhase separation (CIPS technique) of the gradient con-
using a Phillips XLF-30 microscope equipped with acentration DCPD—-2-propanol system resulted in gradient
field emission gun operated at 2 kV. porosity bars, after removal of the 2-propanol. These
measured approximately 25 mm in diameter and 60 mm
in length. Other dimensions are feasible using other set-
ll. RESULTS AND DISCUSSION ups and different amounts of products, but attention must
be paid in adjusting the flow conditions to obtain reason-
able processing times. Processing times should not be too

The experimental setup was first tested with purefast to allow for good mixing. On the other end, proc-
DCPD (i.e., without catalyst) to match the flows of the essing times are not limited, except for the operator's
top and bottom syringe, to produce the desired concercomfort, as the latency of the catalyst should allow for
tration gradient in the receiving flask. To empty the twoeven hours-long processing. Large gradient pieces, for ex-
syringes simultaneously, the flow through the bottomample, should be feasible with scaled equipment, and
needle has to be approximately twice the flow throughparticularly larger needles, to avoid too long processing
the top one. Ideally, the bottom syringe should empty justimes. Equation (9) of Appendix A gives the initial volu-
before the top one. Thus, at the end of the mixing, somenetric concentration of 2-propanol along the sample for
pure 2-propanol is present at the top of the flask, indi-a setup similar to the one used in this work (Fig. 1). With
cating that the whole range of concentrations is obtainedhe matching of the parameters of this equation to the
This was achieved using smaller needles for the top syfinal desired material, any monotonic gradient can be
ringe as the 2-propanol is also less viscous than thdesigned. Moreover, if the desired gradient should start
DCPD + Ru-cat + CHCI, mixture. After trying different  with a fixed 2-propanol concentratioh 0 (i.e. a final bar
needle sizes, the best conditions for our setup were olstarting with a desired non-null porosity), Eq. (9) can be
tained with a 40 x 0.8 mm top needle and a 40 x 0.9 mmrecalculated with different initial conditions when
bottom needle. solving Eg. (4).

Ruthenium-based catalysts are known to possess re- When samplel was sawed for density measurements,
markable tolerance toward most functional groths:® macroscopic holes were observed inside the bar, result-
including protic compounds, which would make theming from the boiling of dichloromethane during the
suitable candidates when using porogens such gsolymerization of the DCPD. To avoid this, tetrachloro-
2-propanol. Previous wotk 3?has shown that ruthenium ethane, which has a higher boiling point, was used for
arene phosphine complexes {of type [Ru(arengRR;)],  sample2. However, sample2 remained soft after po-
where R can be cyclohexyl, as used in this work, orlymerization, owing to plasticization of the matrix by the
isopropyl} are very efficient catalysts for the ring- tetrachloroethane. In this case, the plasticized matrix was
opening metathesis polymerization (ROMP) of technicahot rigid enough to support the surface tensions produced
grade DCPD, providing it contains acetylenic impurities.by drying. These induced a collapse of the microstruc-
This catalyst is efficient at temperatures of 80 °C andtures formed by phase separation, resulting in macro-
higher, and the system possesses an excellent latencysttopic shrinkage of the bar. Finally, it was decided to use
room temperature (gelation takes several hours). Thidichloromethane to solubilize the catalyst in the DCPD,
latency allows for the mixing and processing (productionand when a homogeneous solution was obtained, the di-
of the gradient in the flask) necessary before polymerichloromethane was evaporated before using the mixture
zation. The flasks in which the gradient solution has beetio build the gradient. After complete evaporation of the
prepared must be carefully handled when sealed and dudichloromethane, i.e., when no more boiling was ob-
ing placement in the oven for polymerization. It is alsoserved under vacuum, no precipitation of the catalyst in
important to close the flasks hermetically to allow po-the DCPD was observed.
lymerization temperatures above the boiling point of Samples3 and4 were not perfectly regular, the cross-
2-propanol, thus avoiding solvent loss or bubble formasection being slightly different along the axis of the bars.
tion inside the samples. For this work, the lowest effi-These variations arise from the different phase separation
cient temperature, 80 °C, giving slow polymerization andmechanisms and the different final morphologies pro-
allowing ample time for phase separation during po-duced in the sample, depending on the initial local
lymerization, has been chosen. 2-propanol concentration. At the bottom of the bars,

The final porous samples were obtained after drying in.e., at low 2-propanol concentrations, precipitation of
avacuum oven at 80 °C for 3 days. This temperature wag-propanol droplets into a PDCPD matrix occurs. In this

A. Preparation of the samples
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dynamic process which is in competition with the po-droplets into a PDCPD matrix and the precipitation and
lymerization of the matrix, some 2-propanol is trappedagglomeration of PDCPD particles into the 2-propanol.
into the matrix and then extracted during the drying stepThese two mechanisms have different kinetics, so that
resulting in shrinkage of the matrix. Higher in the bar, atthe final densities produced by CIPS show different lin-
higher 2-propanol concentrations, PDCPD droplets preear dependence on composition.
cipitate into liquid 2-propanol. Since the diffusion of the  Applying the fitted linear dependences form in Fig. 3
precipitating substance is not limited, the phase separde the concentration profile given in Fig. 2 gives an es-
tion is almost complete. In this case, the final PDCPDtimation of the density that should be found along the
contains very little 2-propanol and the shrinkage on dry-samples. This estimated density profile and the density
ing is therefore negligible. As the limit between thesemeasurements performed on the slices of saMpdee
different parts of the bars might not be always perfectlygiven in Fig. 4.
perpendicular to the axis (presumably due to some con- The functions in Figs. 3 and 4 are shown for the con-
vection inside the flask), the different shrinkage of thecentration domains for which bulk samples were made,
different parts of the bars might induce some slight tiltingwithout extrapolation.
of the bars, as could be seen with sample The measured density along the sample roughly fol-
lows the predicted gradient. The first 10 mm of the bar,

B. Density of the gradient rod however, does not show measurable decrease in density

One of the goals of this work was to be able to design
the final gradient. Therefore, the gradient porosity mate- ]
rials will be compared with an expected density esti- '*’%N\@\M
mated as follows. Using density results obtained earlier
with bulk samples of fixed 2-propanol concentratfdra
theoretical porosity gradient can be deduced from the
calculated 2-propanol concentration gradient Fig. 2.

First the 2-propanol volumetric concentration profile
set in the flask can be plotted using Eq. (9) (Appendix A)
with the measured top and bottom flow rates, the initial “
volume in the bottom syringe, and the real dimensions of 0.2 &
the flask:Q, = 2.1168 ml/min= 35.28ul/s; Q, = 1 1
ml/min = 16.67 pl/s; Vo, = 19.8 ml = 19'800 p.l; O
f, = 12.7 mm. 0 10 20 30 40 S0 60 70 80

The density obtained earlier with bulk samples is plot- Composition [vol% 2-propanol]
ted in Fig. 3 as a function of the initial 2-propanol con- I_:IG. 3. Densities measured an_d linear fitting for the bulk samples. The
centration. Two linear functions have been fitted to thes%gfgt;“:r‘cltl'ggg 4""[‘90.‘383‘(;’;';’{‘2’('\73%0;_?;;g‘r’]"oéj propan so for
results, _One for each of the tvyo_mgchanlsms of phasg]e high 2-propanol contents, densiy1.1653 — 0.012782(vol%
separation, namely the precipitation of 2-propanolz-propanol)R = 0.996.
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FIG. 2. Predicted volumetric concentration of 2-propanol along theFIG. 4. Estimated density profile along the axis of the samples (con-
axis of the samples. tinuous line) and density of sampfe(lozenges).
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(result confirmed by the lack of pores observed byThis convection can probably be avoided by adding a
SEM). This suggests that the initial stages of the mixinghonreacting polymer in the mixture, thus increasing
in the bottom syringe, when a large volume of mixture isthe viscosity of the system. Attention must be paid to the
processed, are not very efficient. If the 2-propanol thafinal microstructure, however, as the increase in viscosity
has poured form the beginning of the mixing has notmight slightly change the phase separation behavior. Of
formed porosity in the produced gradient, it must havecourse if the viscosity is increased too much, the setup
accumulated in the bottom syringe and the concentradsed in the present work, which takes advantage of grav-
tion of 2-propanol must have increased in a certainty for mixing the initial components and filling the re-
fraction of the volume of the mixture (very likely the top ceiving flask, might not work. In this case, as well as for
one). When that higher 2-propanol concentration fractionndustrial scale up, a system with pumps to feed the
of mixture pours in the flask, a jump in porosity is ex- mixer and to fill the mold can be envisaged. Better mix-
pected. This density drop is shown by Fig. 4, ating conditions should also probably allow better fit of the
h= 13 mm. The measured density then decreases as pnesulting gradient to the prediction given by the model.
dicted. For the same reasons, the transition between the )
two regimes of phase separation (2-propanol droplet§- Microstructure of the gradient rod
precipitation and PDCPD patrticles precipitation) is also Five SEM pictures of the morphology along samBle
shifted higher in the flasks than expected. According taare given in Fig. 5. The observed microstructures suggest
the densities measured for the slices of sampléhis  nucleation and growth phase separation mechanisms. At
transition occurs just above = 30 mm, an observation low 2-propanol concentration, i.e., at short distances from
confirmed by SEM. Nevertheless, the first bulk samplethe bottom of the sample, the precipitation of 2-propanol
with an agglomerated particles morphology was obtainedroplets in a continuous PDCPD matrix can be deduced.
for 36.5 vol% 2-propanol. According to the predicted As the concentration of 2-propanol increases, together
2-propanol gradient, this concentration should have beewith distance from the bottom of the sample, the fraction
found at aroundh = 29.5 mm. This implies that this of porosity increases. The estimated 2-propanol concen-
transition should have occurred befone= 29.5 mm. tration forh = 26 mm [Fig. 5(c)] corresponds to a con-
Moreover, this transition was expected to be accompaeentration for which no result could be deduced from
nied by a drop in density, whereas the measured densityre bulk samples (blank region in the middle of the
profile for the bar is continuous. Higher in the bar thegraph shown in Fig. 4). The critical point, i.e., the point
measured densities again decrease roughly according $eparating the two nucleation and growth regimes
the prediction. (2-propanol droplets into a polymer-rich phase and
Some of the discrepancy between the predicted densityDCPD droplets into 2-propanol-rich solution) was ex-
gradient and the measured density profile might alsgected to be in this region. It can be seen that as the
arise from convection, which mixes fractions of solutionconcentration of 2-propanol approaches this critical
of different concentration, in the flask during the early point, the porosity increases dramatically. Higher in the
stages of the polymerization, when the viscosity is low.bar and above the critical point, the reversed precipitation

20 pm

FIG. 5. Microstructure along the axis of the bar: (e} 10 mm; (b)h = 24.5 mm; (c)h = 26 mm; (d)h = 37.4 mm; (e)h = 48.9 mm.
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mechanism apparently occurs. Precipitation of PDCPDegions in which the porogen concentration is shifted
droplets in 2-propanol leads to the formation of a mor-away from the critical composition. Then, as the nucle-
phology consisting of agglomerated particles. ated droplets/particles have a higher growth rate than the
However, the cocontinuous morphology which mightspinodal morphology, they overcome it and finally oc-
result from spinodal decomposition was never observectupy all the volume. The higher growth rate of the nucle-
For the 2-propanol composition of 30.9 vol%, the bulkated droplets/particles arises from the diffusion rates of
sample showed precipitated 2-propanol droplets irthe 2-propanol with respect to PDCPD, which are higher
PDCPD. Our calculated model predicted that this conin the case of the formation of the morphology arising
centration should have been foundhet 25 mm in the  from nucleation and growth than for the building of the
gradient bar. In the bulk sample with 36.5 vol% spinodal morphology. In the first case, diffusion follows
2-propanol, concentration expectechat 30 mm in the  the concentration gradient as in the second; the diffusion
bar, agglomeration of PDCPD particles was observednust go against the concentration gradéht.
This suggested that eventual spinodal decomposi-
tion should have occurred between these heights in the
gradient bar. Figure 6 shows four SEM pictures of!V- CONCLUSION
that region. A novel technique to prepare gradient porosity mate-
In the region where spinodal decomposition was extials has been described. This technique is based on
pected, an interpenetration of the two morphologies reehemically induced phase separation of a gradient con-
sulting from nucleation and growth can be observed. Theentration mixture obtained using an own-developed ap-
commonly accepted generic phase diagram of chemicallgaratus, based on a technique similar to that used to
induced phase separation for this systésuggests that, produce gradient columns. This apparatus consists of two
with equilibrium conditions, spinodal decomposition syringes one pouring 2-propanol in the one contain-
should occur for at least one composition. Spinodal deing the precursors of the PDCPD, a stir bar being set in
composition is a phase separation mechanism that doéise latter, pouring the mixture into a sealable flask. The
not proceed via nucleation and growth and, thus, does ndey requirements to the success of this technique are
have to overcome a nucleation energy to start. Polymerthe choice of the porogen, which has to be soluble with the
rich and porogen-rich regions are formed by local fluc-monomer but insoluble with the polymer, the resistance
tuations of the concentration. The low polymerizationof the catalyst to the porogen, and the adjustments of
temperature used here gives a slow polymerization ratehe flow conditions to give the desired final gradient. The
and when the spinodal decomposition starts, time enougfinal porosities produced ranged from 0 up to 83%, with
is given to the system to promote nucleation within thesepen morphologies for total porosities of 20% and up. A

FIG. 6. Microstructure along the axis of the bar: fa} 29.5 mm; (b)h = 30 mm; (c)h = 30.3 mm; (d)h = 30.8 mm.
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model is presented describing the gradient formation ir19.

the bar. This model allows an approximation of the final
densities along the bar. The SEM study showed that, with
the system and conditions used, microstructures arisingy

observed.

22.
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APPENDIX A

Lausanne, Switzerland, Oct. 1994 (Presses Polytechniques et Uni- The gradient of 2-propanol concentration that should

versitaires Romandes, Lausanne, Switzerland, 1994), p. 667.  pjilq yp in the receiving flask can be predicted using the
M. Omori, A. Okubo, G.H. Kang, and T. Hirai, iRunctionally following approach

Graded Materials 1996gdited by I. Shiota and Y. Miyamoto, . . .
conference held in AIST Tsukuba Research Center, Tsukuba, IN the system depicted by Fig. 1, let us consider that
Japan, Oct. 21-24, 1996, (Elsevier Science B.V., Amsterdam, Thé¢he concentration of the mixture poured in the flask at a
Netherlands, 1997), p. 767. certain timet is the same as the one in bottom syringe at
T.Ishigure, E. Nihei, and . Koike, Appl. O3, 4261 (1994).  the same timé, neglecting the transit through the bottom

M. Kryszewski, Polym. Adv. Techno@, 244 (1998). - .
J-H. Liu and H-T. Liu, Polyme88, 1251 (1997). needle. Let us also consider that the flows in and out of

C.F. Jasso, J.J. Martinez, E. Mendizabal, and O. Laguna, J. Appthe bottom syringe, respectively named top and the bot-
Polym. Sci.58, 2207 (1995). tom flows, are constant. In such a case, to obtain the
G. Akovali, K. Biliyar, and M. Shen, J. Appl. Polym. S@0,  concentration along the height of the bottle, it is suffi-
2419 (1976). . . _ cient to calculate the concentration variation with time in
K. Schulte and A. Poeppel, iRunctionally Graded Materials . . .

1998, edited by W.A. Kaysser, conference held in New Town the bottom syringe ar?d trar_]Sform this result usmg the
Hall, Dresden, Germany, Oct. 26-29, 1998 (Trans Tech PublicaPottom flow and the dimensions of the flask. Consider-

tions Ltd., Uetikon-Zuerich, Switzerland, 1999), p. 101. ing Fig. 1 again, it can be observed that, in the bottom
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syringe, the only variation of volume of DCPD is due to Introducing this result, together with Eq. (3), into Eq. (2)
the bottom flow. Thus the variation of volume of DCPD renders the volumetric concentration of DCPD in the

in the bottom syringe is given by bottom syringe:
dVp = -Cp(Qp dt 1) ( Qb )
+1
where d/ is the increment of volume of DCPD in the Co(t) = [ Vo ] Q- Qb 6)
bottom syringe,Cp(t), the volumetric concentration of ° Vo + (Q = Qplt ’
DCPD in the bottom syringe at timg Q,, the bottom ) ) ]
In the present case 2-propanol in the bottom syring€(t), is
V() Qb
Co(t) = , 2 V, —o 1
° Vior(t) @) C(t)=1- [—°]<Qt @ ) @)
Vo + (Q — Qut

where V(1) is the volume of DCPD in the bottom sy-
ringe at timet andV,,(t) is the total volume in the bottom  Now the concentration of 2-propanol should be calcu-

syringe at timet and lated versus the height in the sample. This can be done by
Vi = Vo + (Q; — Qut (3) correlating the level of mixture in the flagkand timet:

where V(1) is the volume of 2-propanol in the bottom r2h

syringe at timet, Vo, the initial volume in the mPh= Qt <=>t=—— ®)

bottom syringe, and®,, the top volume flow rate. Qo

Replacing Egs. (2) and (3) into Eqg. (1) gives
P 9 Egs. () 3) a Mg wherer; is the radius of the base of the flask amis the

% - _ Qb Vo (t) (4) height in the sample level of mixture.
dt Vo+ (Q - Qut'® Injecting this Eq. (8) into Eq. (7) gives

Solving this first-order differential equation, with ini-

tial conditionVp(t = 0) = V,, gives — v, (Qt?be+ 1)
D ) r.2h
Vo0 =% " v, + @ - il & Vot Q- Q-
(5) €)
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