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Introduction

Reactivity ratios are a valuable piece of
information in polymer synthesis, but re")@rted
values are often inaccurate O
Many researchers shy awa}/ “03>n statlstlcally
correct techniques (exc 5(‘

Linear apprOX|mat|o(n){\s rlose enough”

Non-linear pa,m. (=ter estimation is computationally
Intensiv

S \,t\o(vﬂi MATLAB-based computational package
designed for the ‘non-programming’ polymer
chemist or engineer



Overview

Background Information

Reactivity Ratio Estimation ¢ 5\’{\ .
-f )

Error-in-Variables-Model (EVM) E (--) C

Low Conversion & Medium—HigI?C\’)\wvArs:ion Analyses
* C )

EVM Program Details. \\\ -

Case Studies:/étwﬁrg )a\t poster in the evening)
#1: Low C)'f’v/ réicl)n Data Analysis
;t&(rgr?e STY) & Ethyl Acrylate (EA)
#2: Medium-High Conversion Data Analysis

= n-Butyl Methacrylate (BMA) & n-Butyl Acrylate (BA)



Reactivity Ratio Estimation

Sources of error in parameter estimation:
Linear parameter estimation techniques c 5\}/\:

Experimental difficulties (:-} v

Inappropriate kinetic model(s ()\”\ \ ‘-

Poorly designed experim r&&(«
¢ |

The copolymerizatioa model is NOT LINEAR!
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Error-in-Variables-Model (EVM)

Source of Error |EVM Solution ¢ /-fi\j :
Linear estimation | Non-linear parameter est(i n{tl,u.l
techniques technique A )

Experimental
difficulties

Considers eR*Lxr(-r{ﬁlTvarlables (both
mdependé & dependent)

Inappropriate
kinetic models (_/

Poorly dpqq(lea
expe rlm\\nts

Allow [Jfor medium- high conversion data
| (\wolconversion restrictions)

Uses sequential design of experiments

(more information from fewer runs)




EVM for Parameter Estimation

EVM Driver: Minimize ©

Outer Loop: Find 6 g (fi,_

Inner Loop: Fir*d(gTP:




Low Conversion Analysis of

Copolymerization Systems

Simplest case: instantaneous Mayo-Lewis model
g/

Assumes no composition drift SO
- O
(__)(_,

Conversion restricted below 5% - 10%\

\()(aif\
< (. 7{1% + 11— f1) )
\7 R 2f,(1 = f) + 1,(1 — f1)?




Low Conversion Analysis of

Copolymerization Systems

Input data required:
g/
\

Preliminary estimates for reactivity ratios ¢ R
(from literature or preliminary experimeis{ .~
.

¥

Initial feed composition \
Cumulative copolymer c?ﬁ\%\f{;{ibn
No conversion data é\’ed 2d

)

= This may requ/ig‘fffr(accurate assumptions
Y\
= Low cor;ve(r/:}cn data prone to error

,()\>

Q\



Medium-High Conversion Analysis

of Copolymerization Systems

More complex case: cumulative model using

direct numerical integration , 5\/5/\/
- O
Valid for full conversion range X (--)(-/
Provides more data in fewer exp(er"n\wex ital runs
* C )

-~

Higher degree of accuracxy \\°
Easily solved ( )(\/
<

Fi—

fl,O o f1(1 — Xn))

Xn



Medium-High Conversion Analysis

of Copolymerization Systems
Input data required:

As before: preliminary estimates, initial

R\
feed composition & cumulative copoIKm”er( O
composition for each point ‘
A
&0

Molecular weight of ef f{ Comonomer

X

Conversion at each point

(
Potential to |r<ulu\ie varlance/
covarlqn&\e natrix, if available

(\



EVM Program Detalls

Zip file contents:

Program instructions (“read me” file) ( 5\’5/\//
)

MATLAB program for RR estimation (go(!;\(“conversion
OR medium-high conversion data)\/\ ‘
MATLAB program for pITtRFT\{;g')«s (optional)
Data files for seve(ra%igimjle case studies
/S//

” (\ MATLAB




EVM Program Detalls

Quick Start Menu

Data Input:
Step-by-Step (for beginners)

Data Type:

\
Low Conversum r{a o
Mediu 4( 1J\ Conver5|on

R

. Quick5tart09 | = |

Data Input - )
oCh

o TR“IIJEII“J)&‘.'IH'I prompts)

Data File (for advanced users)__ | Y \Bockre

PV

Data Type:

@ Instantaneous

Cumulative

Ok
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Case Study #1: Low Conversion Data

for Styrene and Ethyl Acrylate [*]

’
Preliminary Estimates

ESREERT)

Enter preliminary estimate for ri:
0717

Enter preliminary estimate for r2:
0128

| ] || Cancel |

-~

Copolymenzation Data

[0.079, 0.075; 0.079, 0.079; 0.719, 07

Enter f10 values (separated by semln:ulu
R\m U, ?1L]|

Enter F1 valug™ 9 atg L)\'n:uluns;
|_‘|'?

[0.294G, 0.308;

| O || Cancel |

288, 0.716,; 0.736; 0.735,; 0.732]

L3

L3

|=|@|=<(%‘('

r' Default Settings | =H[C |£hr
# Parameters /\S\/ ;

2 ) ( >
# Eqguations ( o’
1 \ >,
X

- \
#W ...f*l;\ \
AS
Error Type (0-additive, 1-multiplicative)
1

Error Tolerance
0000001

=caling Factor
1

‘ariance-Covariance
[0.000033; O; 0; 0.000833

| ] || Cancel |
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Case Study #1: Low Conversion Data

for Styrene and Ethyl Acrylate

Command Window

— K
THETA (0) = Best estim@ay for
o parameters (rea;clw‘{y ratios)

%1 - XI(€) = I?e(eg\iéxi ates for
0.078  0.2981 “trxl/e\\'a/wes of variables
0.0791  0.2582 /
o.msz  0.7301 ,)(/,\ A
07191 g/_w(v;\



Case Study #1: Low Conversion Data

for Styrene and Ethyl Acrylate

5<{{,
Phi (®) = Objective fyridtior
G = Provides valyaht:
inforngat_icm‘qhout the
e aTﬁQ& 2r estimates

-0.0998  5.1008 ()\\; ated to the V matrix)

<

211 Calculations converged. S
f{ Do you wish to continue with Jplit Co fidence Calculations (T/H) :
\ )

~C
OV

Do vou wiés)éx continue with Joint Confidence Calculations (Y/H): Y
\

1.0e+004 *
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Case Study #1: Low Conversion Data

for Styrene and Ethyl Acrylate

Figure 1 [E=REER)
File __?Iti:lt Ins;rt Tfjls_fle;:;op@\“.:hdo:i I:!elp@) D = N P rog ra m /IS_\/! n
. (’ A o
0.145 . exce l({l 5t\ <
— - — ~Joint Confidence Region ( /k .
I :i‘;’::ll I;z?iir:i;'itg;Ratiu Estimates (\\aal))tment Wlth
0.14 _ - . ) .
- IS '\, “results published
J/' ‘\\ < A ) \ .
o ; K W\ previously.
. ‘ o L
e fﬁr ( ;;\\ )
! PN | ’
oros| ! , ¢\ THETA (0) r,(STY) r,(EA)
' <\ i .y .
. ( \/ ) - Initial Estimates [1] 0.717 0.128
0.12 Y e ]
R) H\\_%_)___\;__,,.f" With EVM 0.7187 0.1286
0-11[]5_55 0.6 0.65 UIT 0.75 0.8 0.85 0.9 0.95 ‘
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Case Study #2: Medium-High

Conversion Data for BMA and BA [

Table 2. Bulk BA/BMA copolymerization results for reactivity ratio estimation at 8o °C,

[BPO] = 0.1 wt%. $-

Sample Feed composition Copolymer composi- T | "0 aversion
fema [mol fraction] tion Fgpyu [molfraction]\[ 1l 'wt%]

1 0.100 0.187 \/\ D 25 1.4
2 0.200 %(/() 20 2.1
3 0.300 (. X/xag‘ 18 1.5
4 0.410 e ( () \ 0.620 18 2.9
5 D.SO}\’ - | 0.668 18 3.9
6 VA S 0.762 15 3.8
7 <) \/ () 0:700 0.820 15 6.8
8 0.801 0.882 15 6.5
9 0.897 0.968 15 1.0
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Case Study #2: Medium-High

Conversion Data for BMA and BA [

Table 2. Bulk BA/BMA copolymerization results for reactivity ratio estimation at 8o °C,
[BPO] = 0.1 wt%.

RN
==
Sample Feed composition Copolymer composi- fﬂ (cp wersion
fema [mol fraction]| tion Fgps [mol fractmnk | “ [wt%]

6\\:3( ()\\ 15

TM1-2 0.487 f\ X 0*654 15
TM1-3 0487 _ e 0.651 15
TM1-4 0.4 j\’ - 0.655 15
= -
TM2-1 -6 0.344 22
e ()
TM?2-2 i) \ 0.196 0.348 22
TM2-3 0.196 0.344 22

TM2-4 0.196 0.353 22
18



Case Study #2: Medium-High

Conversion Data for BMA and BA [2]

o fBMA=0.8 A fBMA=0.5

R e R —
. -0 © o 6 -------
E -—-& 0.8 1
S
_:. I-Lﬂﬂ O.? _____ &__A____ 1&_
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Figure 5. Cumulative copolymer composition versus conver-
sion for BA/BMA bulk copolymerization at various fza. Dashed
lines are integrated Mayo-Lewis model predictions.
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Case Study #2: Medium-High

Conversion Data for BMA and BA

QuickStart09 (= o e Select MATLAB data file o |

b
Diata Input: ot | |, « MATLAB » PretAPorter EVM » - |v1-|| Search PretARCtar€ o
— 4

Manually (with prompts) Organize ~ Mew folder _ ( ( )55\ 1 @

@ Data File ¢ Favorites Documents library R
Bl Desktop PretAPorter EVIM . y. -
Data Type: Downloads Mame . Date modified e .

m
m
m

m

=| RecentPlaces \
Instantaneous Case Stud,\V?MrF ( ) 32472017 2:48 PM File folder

g 4752017 4:54 P File folde
@ Cumulative s Libraries . R o
3 Documents =K v./'l_d il 8/14/2014 9:51 AN ext Document
M g cf Taie tafile_AM_MEA 3242017 2:41 PM Text Document
—— > usic - - - — ) e G| T — —
oK = Pictures | clinul_datafile_AMN_tBA 372472017 3:17 Pl ext Documen
. ) || cumnul_datafile_BA_BMA_all 3172017 12:22 PM - Text Document
\, . Jldeur
| cumnul_datafile_BA_BMA_design 3NT/2007 1217 PM - Text Document
_ EB\ ‘“’Jte?‘ || cumul_datafile_BA_BMA_plot 32472017 12:37 PM ext Document
[» ' 2 || cumul_datafile_CChE 9/11/2014 1:18 PM Text Document
P ( P> Local Disk () R e -
. ) =a HP_RECOVERY ([ ~ * m n
rd
e ( ) File name: cumul_datafile_BA_BMA_all - (™. bet) "|
P,
| Open | ‘ Cancel |
L .
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Case Study #2: Medium-High

Conversion Data for BMA and BA

¥ ... |
Row Contents e
File Edit Format Vi '-le.p

1 | Default Parameters 2111 0. Qggfmﬂ/ )i
Y 2.100 0.489\
2 | Preliminary RRE 142.2 12 c\zx =
<0063 \

3 | Monomer MWs 8 5 0.100 0.187
. ¢ |b2\021 0.200 0.335
4 |V Matrix (Default) I*{ Jllo.015 0.200 0.459
" ll|0.029 0.410 0.620
5+ |Data N 0.039 0.501 0.668
) N = 0.038 0.601 0.762
J gp Fyq 0.068 0.700 0.820
0.065 0.801 O.882
0.010 0.897 0. 968

*

Im F
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Case Study #2: Medium-High
Conversion Data for BMA and BA

LN 04_

_gﬂ.,R (Low Conversion)
el A RR Estimates (2.01, 0.46)

e\ V) |==JCR (Full Conversmn)
(¢ N\ + RR Estimates (2.06, 0.46)

O'%G 1.8 2 2.2 2.4 26

"




Concluding Remarks

The error-in-variables-model (EVM) should be
used for reactivity ratio estimation

5
()
Non-linear parameter estimation t cl(./.,g
Applicable to low and mecjn%n(: )F\ngh conversion data

Additional advanta(m§ \ cumulative model
Fewer assumpt: fﬂns
Increasgkd (%ormatlon content

M,&TLAB-based EVM program is user-friendly
No excuses - statistically correct & easy to use!



Concluding Remarks

Poster Session: "EVM-on-a-Chip”
Additional examples & special cases WV
EVM program demonstration

“EVM-on-a-Chip”

Investigating Kinetic Behaviour of 01’{ ymep ..o

Alison J. Scott and Alexander Hdr

Institute for Polymer Research (IPR), Department g® Chemicas gineéy 1g, U ity of Waterloo
|
Research Motivation ‘What are eAdvant\ ress q
- To demonstrate the advantages of the error-in-variables-model -~ —
(EVM) and to make the statistically comrect parameter Mediu « Convers 1Data Sets? ‘Well-Conditioned Systems?
estimation technique more accessible for researchers. - Copolymesizati Butyl Methac 1/nd BlnylAtfylz'e? Gl - Copolymerization of Maleic Anhydride! / Methyl Acrylate? ]
-To wﬂwrhzmﬂmmﬂlywwzwlyBMﬁmmmy . O ostig; 9 low colversion experiments = Original investigation: 5 low conversion experiments with
satio cstimation by creating a distant “ns used for RR estimation varying feed compositions; RR estimation using (linear!)
computational package. \l 3 mhily ie fill) conversion experiments ‘graphical Mayo-Lewis method.
usif  the culmlative + EVM: Original data reanalyzed

using the instantaneous model

Background
eactivity y

- S - estimates and JCR + When 10% error is considered, the
areas indicate that 3 full JCR includes negative values. This
conversion  experiments  have is 2 physical impossibility!
the same information content as + Ttis important to carefully consider

9 low conversion runs. ’ experimental steps and Kinetic
- Employing cumulative analysis o] f ‘models; even the most statistically
(mediumhigh conversion data)  °] = comect  ftechnique  canmot

can significantly decrease the T 5= e+ v e Compensate for bad data or an
number of experiments required. ‘ " incorrect model!
Replicated Experiments? Sequentially Designed Experiments?
- Copolymerization of n-Butyl Methacrylate! /n-Butyl Acrylate* 1 s T Acrylam‘ / Methyl Methacrylate: (1
- Original & fon: 2 feed - Original investigation: 4 compositions (sclected using
compositions  (selected  using design of experiments) m Derm points cach;
design of experiments) with 4 ‘Doth feeds rich in monomer 1 (f; , = 0.543 and 0. 793)
£ ‘measurements/data points each
+ EVM: Subscts of the original
data amalyzed to determine the need more data from a run ﬂ:m ls =
) importance of replication. and rich in monomer2 (o> /). n
EVM Driver: Minimize & (Objective Function) T =Wy el fEEn o
© RR estimaes are  similar, experiments, the mext feed
Outer Loop: Find 6 regardless  of how  many composition for analysis should
(Reactivity Ratio Estimates) e replicates are used. However, befio=0.1 (richin monomer2).
(T VA JCRs become much smaller (and - Re-cstimating RRs significantly
Laner Loop: Find & (True of Varizbles) - better defined) with addifional improves ﬁm JcRD:im; .
(appropriate) replicates circular! {
- - Concluding Remarks References
7, 72): Preliminary RR Estimates 9: RR. Estimates - The user-friendly EVM computer program can handle a variely of daia scfs for 1 F_E oo sl M Lans Joanal f e merican Chemicl S vol &
;.- Feed Composition ¥ Estimates of “True” Exp. Data statistically correct reactivity ratio estimation B e Engineerng, vol
F,: Copolymer Composition  ®: Objective Function (minimized) = Medium-high conversion data sets, replicated experiments. and sequentially
X, Conversion Level G- Expected Information Matrix. designed experiments provide valuable information fo improve RR estimates. A e e e e

(Cunilative Analysis Only)  (Related to V Matrix) - Experimental steps and kinetic models must be carefully evaluated prior ~ _
If known: Vaziance (V) Matrix__Joint Confidence Region (ICR) to using EVM: EVM cannot compensate for insufficient data/models. iE

‘ﬁ
iz
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