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ABSTRACT

Son, Sang Ha. Ph.D., Purdue University, Decemb#8.2Development of Quantitative
FT-IR Methods for Analyzing the Cure Kinetics ofdxy Resins. Major Professor:
James M. Caruthers.

Epoxy thermosets are important engineering magewgh applications in coating,
adhesives, packaging and as structural componeatsariety of advanced engineering
products. The ultimate performance of polymer caity depends upon the details of the
cure chemistry used to produce the thermoset.dardp better understand and monitor
the cure chemistry, quantitative analysis of thelRTesponse has been developed for
describing the epoxy-amine curing reaction as a®knonitoring the hydrogen bonding
that occurs in these systems The FT-IR analyslades (i) quantitative deconvolution of
complex peaks into individual spectral contributip(ii) peak identification via DFT
analysis and (iii) appropriate baseline correctiimese FT-IR analysis methods were
utilized to resolve spectral complexity in epoxytaenthermoset resin systems.

Using the quantitative FT-IR tools described abalke,hydrogen bonding of amine and
hydroxyl groups was determined for (i) the selfoasstion and inter-association of N-
methylaniline (NmA) and isopropanol and (ii) thaecgon with a series of hydrogen
bonding acceptors, including toluene, triethylamey@oxy butane and dipropylether that

represent-bond, electron pair on amine, epoxide and etheupgg. Simple mass-action



XVii
equilibrium models of the amine and hydroxyl grdwygrogen bonding were developed,
where both the extinction coefficient and equiliioni constants were determined from the
data. However, this simple analysis was only vediddilute concentrations, where an
unexpected maximum in the free hydrogen as measy€&d -IR vs. total amount of
NmA or isopropanol was observed. It was postulétatla phase transition occurs at
high NmA or isopropanol concentrations.

The epoxy-amine reaction kinetics was studied uguantitative FT-IR. First, the
reaction kinetics of a monoepoxide with a monoamvas studied, where reaction
kinetics was followed by (i) HPLC analysis and {hgn compared with FT-IR analysis.
Subsequently, quantitative FT-IR was applied totkle@moset system of a digylcidyl
ether of bisphenol-A epoxy cured with aniline, waerultiple absorbance profiles for the
different vibrational peaks enabled self-consisttermination of the various reacting
species. This analysis demonstrates the powerarftgative FT-IR analysis to follow
detailed reaction kinetics in thermoset systems. dffect of temperature on the FT-IR
spectra was measured for the fully cured Epon82&iarsystem, where the hydrogen
bonding peaks exhibited significant changes in tenapire dependence of the
absorbance near thg @f 95°C. Finally relaxation of fully cured polymer wasaemined
by observing the absorbance evolution followingraperature jump. In summary,
guantitative FT-IR analysis provides valuable infation on the chemical kinetics in
curing thermoset systems as well as changes isttheture of the resulting glassy

thermoset with temperature and suptiermal annealing.



CHAPTER 1.INTRODUCTION

1.1 History of Epoxy Thermoset

General meaning of epoxy is any chemical that ¢ostapoxide functional groups. The
thermoset cured from epoxy resin or prepolymerdugerior properties, both in chemical
and mechanical points of view such as good theamdlchemical resistance, good
adhesion property, and exceptional electrical ptgp&he epoxy thermoset have been
utilized in various fields of industry since 1930The first applications of epoxy
thermoset were paints and coatings. Then, as atyanf cure methods were developed,
usages of epoxy were extended to the state ofrtlareraft industry with a form of

composite material.

1.2 Epoxy Cure Chemistry

Epoxide group can react with amine group to forne@vork. Epoxide-amine cure
system is one of the most commonly used. Primaipeumas two hydrogen branches
and a single lone pair of electrons. These loneglactrons attack the carbon on the
epoxide group. Epoxide ring opens as a result imigoattacked by the electron pair and

the nitrogen atom becomes positively charged aeaxiygen atom becomes negatively



charged. At the same time, hydrogen atom transfeurs to form a hydroxyl group ai
secondary amine. This secondary amine also hair of electrms and it becom a
driving force to form a likage with an epoxide group. Figurel showscrosslinking
mechanism of epoxidamine system. typical amineepoxide cure syste, there are
two major reaction categories, which an epoxide reaction withg@imaryamine to
form a secondary aminand an epoxidesaction with a secondary amine to fort
tertiary amineAt higher temperaturean epoxide can algeact with a hydroxyl group 1
form an ether linkageHowever, thisetherification is a minor reaonh and the rat
constant of etherification is relatively small caangd with those of primary amil

reaction and secondary amine reac.

N—N OH

Network Polymer Tertiary amine
Figure 1.1Reactionmechanism of diepoxideith diamine curin



Table 11 Typical epoxy resins and diamine crosslin

Compound Structure

o
Phenylglycidylether Hzc/_\c_?_o@
H

Epon825

Epon828 (n=0.14)

o LA
MY720 oo o ]
HgC_E_E/ U U H\gc—E':‘__t—;__.(:uZ
Table 1.2 Typical amine crosslinkers
Compound Structure
3,3-DDS K\_/)—i—&\_//
Q
H,N
Jeffamine M-600 H, Hz[ H, H]
H,C—0—C -C [e—c -C Juu
n from 6 to 12, nave=9 é!-gs“

, NH;
Jeffamine T-403 ﬁ
CH, ¥ GCH;,

(x+y+z=5 to 6) {/k/o 0\)\}
H,N 3 "NH,



1.3 Curing Analysis Technigues

The conventional method for monitoring cure of moedric material has been conducted
by Differential Scanning Calorimetry (DSC). DSC raees heat flow of both the
reference pan (with air) and the sample pan. Byraating the heat of the reference pan
from that of sample pan, it provides real time Hkmav rate into or out of the sample with
respect to time or temperature. DSC can measutdlbeeof the sample either at the
isothermal condition with a constant heating terapee or at a dynamic environment
with a specific ramp rate. Degree of cure is reldtethe exothermic heat flow rate in that,

as cure reaction goes on, more heat is releasesirdlationship can be expressed by the

equation,

da 1 dH

a(t) =28 (1.2)
Hy

Where, H(t) is the heat of reaction at time tidHotal amount of heat released during the
whole cure reaction. By determiniagwith respect to time or temperature, lumped
kinetics could be performed.

FT-IR Spectroscopy is a widely used analytical mdtto track cure/degradation of
epoxy system [1-6]. Infrared radiation emitted fraright source passes through the
sample. Each chemical species in the sample abgwlenergy of the light causing its
chemical bonds to vibrate.

For a group of three atoms adjacent to each diiere are totally six vibration modes,
Symmetric and asymmetric vibrations (stretchingation), scissoring and rocking (in-

plane vibration), and wagging and twisting (outptdne vibration). Theoretically, a non



linear molecule that contains n atoms 3n-6fundamental vibrational modes that car

responsible for the absorption ofrared light [7].

Svmmetric Asymmetric Scissoring Rocking Hagging Twisting

Figure 1.2Six molelcular vibrational modes shown in-IR specra

FT-IR calculates and shows the amount of absorbetbighll chemical species a
whole spectral region. The spectral analysis regicommonly dvidedinto three major
areas of interesiuch as f&IR (100-400 crit), mid-IR (400-4000 ci), and ne&IR
(4000-12000 ci). In a mic-IR region, fundamental peaks due to molecular vibnaor
stretching modes of chemical specieslocated. This regiors characterized | strong
peak intensity but the peausually overlap with complexity. In nedR-region
Combindion and overtone bands are found. In this redio& peak intensity is 10 to 1
fold less than that in the n-IR region but the peaks are more sparsi@iributed sdit is
relatively easyo identify individualpeakswithout deconvolution proce: Near-IR
region has been employed to investigate cure kiseti polymers for decac due to its
sparse distribution of the peaks.wever, in some nedR spectral range, it is difficult t
distinguish a peak from a convoluted spectral §hapebecause of the absence of p
assignment for the neighboring peaks. -IR analysis is getting more powerful th

near-IR analysis if it isccompanied by peak assignment and deconvolutibmitgues



Figure 1.3 In-situ FT-IR spectroscopy with heatasgembly installed



1.4 Thesis Organization

The thesis is organized as follows. QuantitativelRTmethod is demonstrated first, since
the technique is utilized for every system of iatgr Peak line shape equation and the
application as well as peak assigning method viasidg Functional Theory calculation

of frequency are presented in Chapter 2. In Ch&jteydrogen bonding associations of
amine and hydroxyl groups with various proton at@eypare investigated. Hydrogen
bonding association is discussed first due to nbt the importance in properties but also
the contribution to the spectral complexity in eartwavenumber area of IR spectra. Self
and inter-association of amine and hydroxyl growpge investigated using N-
methylaniline and isopropanol as representativenarand hydroxyl groups respectively.
Proper association theories are adapted to fiaglseciation spectral line shapes.

Finally, experimental approach of epoxy amine rieads dealt in Chapter 4. Basic
epoxy amine reaction and its reaction participaaiysis via HPLC method are
presented here. Reaction byproduct analysis vidMSCat high temperature is also
presented at the end of this chapter. Then, coraitiR analysis of epoxy cure with
amine monitoring is introduced. The practical apgiions of FT-IR methodology for
non-polymeric and polymeric systems were introduoedhapter 5 and 6 respectively.

In Chapter 5, in-situ FT-IR cure monitoring of mbdgstems of monoepoxide and mono
amines is conducted and the validation of quantgahethodology is examined by
reaction component analysis with HPLC analysi<hapter 6, polymeric system of

DGEBA type Epon825 and Aniline cure is conducted @arious examinations of cured



epoxy material such as glass transition temperat@@&surement and relaxation

monitoring were performed using quantitative FTatiRthodology.



CHAPTER 2. QUANTITATIVE FT-IR METHODOLOGY

2.1 Peak Deconvolution

A major objective of this paper is the quantitatiitng of FT-IR spectra in order to
determine the evolution of the various chemicatgsein the epoxy-amine cure reaction.
Prior to the deconvolution, the obtained spectrkhbe preprocessed to correct
curvilinearly shifted baseline, which can be resdifrom scattering. The detrending
method was applied for the baseline correctioncisipally, (i) several baseline points

are selected in regions of the spectra where #rerao IR peak and (ii) then these points
are fit to a quadratic line (i.eA™® 4+ bA* + c) via least square regression. The corrected

absorbance intensity at wavelength x; prr is then determined from the intensity

measured in the FT-IR by; ptr = X; — (ar*? + bA" + ). For the epoxy-amine systems
of interest, four regions without clear FT-IR agst@n are 1795-1803 ch 1880-1884
cm*, 2503-2507 ci and 3718-3725 cih where the absence of adsorption bands was
confirmed by Density Functional Theory (DFT) cabtidn of IR adsorption frequencies
for the various reaction participants. Figure a@vs an example of detrending for a
series of spectra obtained during the reactiorhehplglycidylether with N-
methylaniline at 88C for 24 hours. Green lines are the quadraticdimape which is

subtracted from each original FT-IR spectrum.
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Figure 2.1 Baseline correction procedure for PGEAN®®action spectra by detrending
method

Quantitative fitting of the FT-IR spectra requidksconvolution of the overlapping peaks
in the spectra and assignment of the peaks tortlerlying molecular vibrations. The
initial deconvolution of the FT-IR spectra into imdiual vibrational modes was done
using CasaXPS Version 2.3.15 (Casa Software Ltdgrevin a given spectral range the
program determines the number of lines, their isitgnwidth and Gaussian-Lorentzian
mixture. CasaXPS is an excellent tool for theahgpectral deconvolution of spectra,
but it does not allow sufficient fidelity for quataitive FT-IR analysis, e.g. in CasaXPS
spectral lines cannot have the optimized valud®iGaussian-Lorentzian mix but only
manual input of the value is possible. Moreovege oannot constrain the ratio of
intensities for sets of spectral lines as is neef®eb or more spectral lines come from
the same chemical group. In order to address #didonal requirements, an additional

spectral fitting code was developed, where (i)ititensity and shape of each line could
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be optimized or fixed as desired, (ii) arbitrarpdtional relationships between spectral
lines can be specified and (iii) bounds on theawgiline shape parameters can be set.
The code allows easy input in a spreadsheet likedt where the code then generates
the appropriate MatLdl code with model parameters that are determined via

optimization with respect to experimental FT-IR&p&. The line shape of an individual

spectral line is given by the following productrfoof Gaussian and Lorentzian function

2
) B (X=%)
A exp{ 4 lo2 (L m(ZF IT1+ exp@ (x— x, ¥ )]j }
2.1)

2
1+ 4m( (=) j
2F /[1+exp@ (x—x )]

F(6 %, m AF) =

Where, ¥ is position (i.e. wavenumber) of the i-th spectriiis peak width at half
maximum, A is peak height, m is ratio of Gaussiad horentzian and the parameter ‘a’
describes asymmetry, a=0 for a symmetric peak.efiwe, E, between the

experimentally determined spectra, I(x), and th&pBctral lines in a given region with

individual intensity f, (X; x,;, m, A, F) is given by

E

M N 2
Zw)[lm)— Z FO% % m, A, F)} (2.2)

Both 1 (x) and the individual spectral contributiofi§x) are discretized to
x={x: k=1, M} with a discretation interval of 1.9285 ¢mThe weighting function
w(% ) is shown in figure 2.2, where th@angular regions at high/low wavenumbers

control the effect of contamination from the taifdarge peaks just outside the spectra
region of interest. Minimization of E was perfa&rdiusing the constrained nonlinear,

multivariate optimization function fmincon in Mathdo determine
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{X;» M A, F: i=1, Nt. The peak area was calculated by numerical iat&@g usinc

I 1
the trust-regiomreflective algorithr in MatLab with a wavenumber discretation inter

of 0.1 cni.

\r

Figure 22 Schematics of weighting function

2.2 Peak Assignment via DFT Frequency Calcule

Thechemical origins of the variolFT-IR peaks were identified using density functio
theory(DFT). The ground state of the molecules of irgeveere determinewith
Gaussian03 (Gaussian, Inc.) using IYP functional and lanl2dz basis. The FT-IR
spectra were determined from the eigenvectorseofdite constant matrix as determir
with the second partial derivatives of the potdnfiavith respect to displeement of the

atoms in cartesian coordinates Gaussian8].

aZ
feartij = <K0VE,')O (2.3)
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The molecular motion associated a particular vibra line (i.e. eigen value) was
determined visually using GaussView (Gaussian, lxycdbserving the identity and type
of motion of the atomic centers of the associatgdrevector. The spectral lines
determined by DFT are typically shifted by up toct0" from those observed
experimentally in the lower wavenumber region, 3000 cnirand showed up to 200
cm* displacement in the higher wavenumber region, 8@ cnt; however, the
relative location and spectral intensity calculdtedn DFT agree well with that observed
experimentally, providing excellent identificatiohthe molecular origin of the various
FT-IR lines. The lines and intensities for N-me#njline and Phenylglycidylether and a
reaction product of PGE with NmA (i.e. PN) as detiered by DFT area shown in from
figures of 2.3 to 2.5. The frequency FT-IR linesdasermined via DFT are given in
Table 2.1-2.3 along with the experimental FT-IReBrfrequencies and molecular motion
responsible for that line as determined form tremeaimted eigenvector. Frequency
calculation using DFT was also utilized to examme&ous hydrogen bonding
associations of model amine group with model pratoceptor groups. Two molecular
structures of associating species were built iaraesspace and the hydrogen bond
lengths were found from geometry optimization. Otiteemolecular geometry was
optimized, frequency was calculated and comparda those shown in the real spectra
of hydrogen bonding associations. DFT calculatietaidls and results could be found in

Chapter 3.
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Figure 2.3Comparison of normalizePGEvibration frequency obtained from DFT wi

experimental IR spectrum of nePGE
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Figure 2.4Comparison of normalized NMA vibration frequencytashed from DFT witt

experimental IR spectrum of neat Ni
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Figure 2.5Comparison of normalized vibration frequency of P&ited withNmA (PN)
obtained from DFT with experimental IR spectrundfhour cured P
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Table 2.1 DFT and experimentally determined FT#iRes for PGE

DFT DET IR
No. wavenumber . . wavenumber Vibrational modes
1 intensity 1
(cm™) (cm™)
1 3256.85 27.5641 3104.42 epoxide C-H2
Asymmetric stretching
2 3239.41 3.9327 3091.61 Benzene C-H (all five Beidds)
Symmetric stretching
3 3231.32 22.5322 3074.52 Benzene C-H (all five GeHds)
Asymmetric stretching ([2,6] and [3,5] )
Two sets are symmetric
4 3221.9 34.772 3060.42 Benzene C-H (all five Ceads)
symmetric stretching of [2,6] and asymmetric stigtg of [3]
5 3203.59 12.6412 3040.82 Benzene C-H
Asymmetric stretching ([2,6] and [3,5] )
two sets are asymmetric
6 3194.37 1.8578 3030.17 Benzene C-H (all five Beidds)
Asymmetric stretching ([3,5] and 4 asymmetric)
7 3191.38 15.1702 3007.29 epoxide C-H
Stretching
8 3146.45 22.1263 2925.42 epoxide C-H2
Symmetric stretching
9 3100.04 31.3938 2874.6 C-H2 in the middle
Asymmetric stretching
10  3038.93 30.8257 2834.02 C-H2 in the middle
Symmetric stretching
11 1651.98 74.4557 1599.74 Benzene C-C
Asymmetric stretching (1-2-3) and (4-5-6) two s&ts symmetric
12 1632.63 25.0847 1587.07 Benzene C-C
Asymmetric stretching (1-2-3) and (4-5-6) two sats asymmetric
13 1535.14 3.6298 1496.31 CH2 and epoxide CH2
CH2 scissoring
14  1523.38 9.6112 1489.95 epoxide C-H2
CH2 scissoring
15 151954 105.981 1471.37 Benzene C-H
C(2)-H, C(3)-H rocking and C(5)-H, C(6)-H rockingd sets are symmetric
16 1484381 5.7047 1454.90 Benzene C-H
C(3)-H, C(4)-H, C(5)-H rocking, C(2)-H, C(6)-H roicig
17 1459.72 7.4621 1429.51 CH2 and epoxide CH (main)
CH2 wagging and epoxideCH wagging
18  1398.73 23.6107 1345.85 CH2(main) and epoxidte C-
CH2 wagging and epoxideCH wagging
19 1379.91 2.5824 1302.14 Benzene C-C
Asymmetric stretching (1-2-3) and (4-5-6) two sa&ts symmetric
20  1355.42 3.4072 1291.545 Benzene C-H
C(2)-H, C(3)-H rocking and C(5)-H, C(6)-H rockirgyo sets are
asymmetric
21 1271.97 8.2404 1264.16 CH2 and epoxide C-H(main)
CH2 twisting and epoxideCH wagging
22 1256.49 113.428 1244.00 CH2 and Benzene C-N
CH2 twisting and C-N stretching
23 124791 137.116 1222.13 CH2 and Benzene C-N
CH2 twisting and C-N stretching (opposite directfoom 1256.49)
24 1213.35 33.757 1174.57 Benzene C-H
C(2)-H, C(3)-H scissoring, C(3)-H, C(4)-H scissarilc(5)-H, C(6)-H
scissoring
25  1200.48 10.3672 1155.56 Benzene C-H
C(4)-H, C(5)-H scissoring, C(5)-H, C(6)-H scissagrin
26 1176.7 1.251 1132.14 epoxide C-H2 (main), C-tH@H2
epoxide C-H2 wagging C-H scissoring and C-H2 twipti
27 1152.92 9.9239 1080.22 epoxide C-H2 (main) ahtPC
epoxide C-H2 wagging and C-H2 twisting
28  1137.67 6.123 1039.63 epoxide C-H2, C-H(maiu) @H2

epoxide C-H2 twisting C-H scissoring and C-H2 tmigt



Table 2.1 Continued.
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30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

1109.56

1061.32

1046.93

1029.54

1022.32

1009.57

1006.27

993.195

934.233

926.27

859.473

825.12

803.571

789.419

757.024

716.001

630.91

585.503

520.966

484.692

428.009

415.011

311.32

251.107

238.544

114.143

103.983

58.998

42.4448

11.5174

1.1241

25.9914

0.79

52.4278

9.8734

4.6471

5.6035

9.7498

6.4771

0.2851

30.4506

29.5052

96.5433

7.5881

31.6341

0.6225

2.3369

11.1409

8.7868

0.1444

0.5362

9.2865

7.685

1.7246

8.5452

2.6189

3.8215

0.5001

1021.45

996.48

967.11

933.07

906.71

885.92

863.27

838.23

849.58

832.36

818.70

916.36

844.57

754.84

785.14

692.50

633.94

614.25

564.19

512.52

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Benzene C-H
C(2)-H, C(3)-H scissoring, C(4)-H, C(5)-H rocking(5)-H, C(6)-H
scissoring
epoxide C-H2 (main), C-H
epoxide C-H2 twisting C-H scissoring
Benzene C-H
C(2)-H, C(3)-H rocking, C(5)-H, C(6)-H rocking tveets are symmetric
Benzene C-H
C(2)-H, C(3)-H twisting, C(3)-H, C(4)-H twisting,
C(4)-H, C(5)-H twisting, C(5)-H, C(6)-H twisting
O-C (main), and benze@e C
O-C stretching, and C(1-2-3), C(4-5-6)scissorimg sets are asymmetric
benzene C-C
O-C stretching, and C(1-2-3), C(4-5-6)scissorimg tets are symmetric
Benzene C-H
C(2)-H, C(3)-H twisting, C(5)-H, C(6)-H twisting
epoxide C-H2 and C-H2r(nai
epoxide C-H2 twisting and C-H2 twisting
Benzene C-H
C(2)-H, C(5)-H wagging, C(3)-H twisting
epoxide C-H2 (main) and2C-H
epoxide C-H2 twisting and C-H2 twisting
Benzene C-H
C(2)-H, C(3)-H wagging and C(5)-H, C(6)-H waggimgp sets are
asymmetric
(epoxide) C-O-C
0O-C-C asymmetric stretching
(epoxide) C-O-C
C-0O-C symmetric stretching
Benzene C-H
C(2), C(3), C(4), C(5) wagging
(epoxide) C-O-C
C-0-C asymmetric stretching
Benzene C-H
C(2), C(4), C(6) wagging
benzene C-C
C(1-2-3) scissoring and C(4-5-6) scissoring, twis see asymmetric
benzene C-C
C(6-1-2) scissoring, C(3-4-5) scissoring, two sgtssymmetric
Benzene C-H
C(2)-H, C(3)-H, C(5)-H, C(6)-H wagging
C(benzene)-O-C
C-O-C scissoring
benzene C-C
C(2), C(5) wagging and C(3), C(6) wagging, two setsasymmetric
C-C(epoxide)-C(epoxide)
C-C-C scissoring
C-C(epoxide)-O(epoxide)
C-C-O scissoring
O-C-C(epoxide)
O-C-C scissoring
C(benzene)-O-C
C-0O-C wagging
O-C-C(epoxide)
O-C-C wagging
O-C-C(epoxide)
0O-C-C wagging
C-C(epoxide)-C(epoxide)
C-C-C scissoring
C-C(epoxide)-C(epoxide)
C-C-C scissoring
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Table 2.2 DFT and experimentally determined FT#fes for NmA

No. DFT DFT IR Vibrational modes
wavenumber  intensity  wavenumber
(cm™) (cm?)
1 3673.88 30.6499 3414.27 N-H
Asymmetric stretching
2 3231.39 10.1465 3050.53 Benzene C-H (all five BaHds)
Symmetric stretching
3 3219.59 45.7729 3017.09 Benzene C-H (all five GeHds)
symmetric stretching of [4,5] and asymmetric stigtg of [2]
4 3199.74 38.0717 2982.59 Benzene C-H (all five Bads)
symmetric stretching of [3,4] and [5,6], two sets asymmetric
5 3186.88 1.8892 2946.39 Benzene C-H (all five Beidds)
symmetric stretching of [2,4] asymmetric stretchof [3]
6 3172.15 17.4164 2929.46 Benzene C-H
Asymmetric stretching of [5,6]
7 3144.48 34.1423 2905.15 C-H
Stretching (C-H)
8 3063.66 63.6896 2879.81 C-H2
Asymmetric stretching
9 3005.59 89.7721 2812.64 C-H3 (all Hs)
Symmetric stretching
10 1662.59 186.39 1604.87 Benzene C-C
Asymmetric stretching (1-2-3) and (4-5-6) two s&ts symmetric
11 1631.24 9.5509 1586.82 Benzene C-C
Asymmetric stretching (1-2-3) and (4-5-6) two s@ts asymmetric
12 1553.7 182.594 1509.36 C-H3 and N-H
CH3 scissoring and C-N-H scissoring
13 1544.04 20.5029 1493.33 C-H3
H-C-H scissoring
14  1523.96 5.1987 1473.66 N-H and Benzene C-H
N-H scissoring and C(3,4)-H rocking, C(5,6)-H rauki
15  1511.97 10.9242 1448.50 CH3
C-H twisting
16  1493.18 5.8023 1433.06 CH3
C-H scissoring (all symmetric)
17 1460.84 14.4181 1421.95 N-H and Benzene C-H
N-H scissoring and C(3,4,5)-H rocking
18  1388.9 32.3962 1339.89 Benzene C-C
Asymmetric stretching of (6-1-2) and (3-4-5), twaissare symmetric
19 1367.55 38.9089 1319.58 Benzene C-H
C(2,3,4,5,6)-H rocking
20  1322.56 30.0258 1263.99 Benzene C-H and N-H
C(5,6)-H rocking and N-H scissoring
21 1221.63 14.9361 1179.67 Benzene C-H
C(2)-H, C(3)-H scissoring and C(5)-H, C(6)-H scisso
22 1203.27 5.2198 1152.34 Benzene C-H
C(2)-H, C(3)-H scissoring and C(3)-H, C(4)-H scisso
C(4)-H, C(5)-H scissoring and C(5)-H, C(6)-H scisso
23 1192.72 4.8547 1125.39 H-C-N
H-C-N scissoring
24 1159.14 0.9434 1110.19 CH3
C-H2 twisting
25  1103.83 10.7244 1073.33 Benzene C-H
C(2)-H, C(3)-H scissoring and C(3)-H, C(4)-H roakin
and C(4)-H, C(5)-H rocking and C(5)-H, C(6)-H scissg
26 1094.97 9.6556 1066.38 N-C
N-C stretching
27 1043.08 4.1618 1023.55 Benzene C-C
C(2-3-4) symmetric stretching
28  1019.89 1.0907 990.30 Benzene C-H
C(3,5)-H wagging and C(2,4,6)-H wagging
29 1003.04 5.6633 979.90 Benzene C-C
C(6-1-2) symmetric stretching, C(3-4-5) symmettietehing
30 999.52 0.0233 947.53 Benzene C-H

C(2,5)-H wagging and C(3,6)-H wagging, two setsaagmmetric
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31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

909.768

849.312

802.379

785.779

716.146

634.391

572.595

527.551

442.954

426.476

334.71

244.489

231.818

174.619

97.6055

12.3641

0.0773

8.2361

95.2161

41.8212

0.3395

1.3067

11.9828

2.4625

0.0705

114.581

3.5025

0.3715

2.5782

10.0665

869.31

818.68

777.12

751.02

693.23

617.68

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Benzene C-H
C(2,6)-H wagging and C(6)-H wagging, two setsaagmmetric
Benzene C-H
C(2,3)-H wagging and, C(5,6)-H wagging, two setsasymmetric
Benzene C-C and N-C catibm
C(6-1-2) symmetric stretching, C(3-4-5) scissoring
and C(benzene)-N-C symmetric stretching
Benzene C-H
C(3,4,5)-H wagging
Benzene C-H
C(2,4,6)-H wagging
Benzene C-C
C(1-2-3) scissoring and C(4-5-6) scissoring
Two sets are asymmetric
Benzene C-N-C and benzene C-C
C(benzene)-N-C scissoring
and C(6-1-2), C(3-4-5) scissoring, two sets arersgiric
Benzene C-C
C(2,3,5,6)-H wagging
C-N-C
C(benzene)-N-C scissoring
Benzene C-C
C(2,5) wagging and, C(3,6) wagging
N-H
N-H scissoring
C-N-C
C-N-C wagging
C-N-C
C-N-C scissoring
C-H3
C-H3 twisting
C-N-C
C-N-C wagging
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Table 2.3 DFT and experimentally determined FT#es for the reaction product of

PGE with NmA
DFT DET IR
No.  wavenumber . . wavenumber Vibrational modes
(Cm’l) intensity (Cm’l)

1 3599.11 63.5328  3570.43 PGE O-H
O-H stretching

2 3239.46 2.7282 3104.46 PGE Benzene C-H (all@é bonds)
Symmetric stretching

3 3235.19 6.8806 3092.54 NMA Benzene C-H (all B4 bonds)
Symmetric stretching

4 3232.25 21.4672  3070.85 PGE Benzene C-H (allGié bonds)
[2,3] symmetric stretching and [5,6] symmetric &théng,
two sets are asymmetric

5 3223.93 41.15 3061.57 NMA Benzene C-H (all fivél®onds)
symmetric stretching of [4,5,6] and asymmetrictstiing of [2]

6 3221.86 36.8459  3053.32 PGE Benzene C-H (allGi¢ bonds)
[2,6] symmetric stretching and [3,4,5] symmetriegthing,
two sets are asymmetric

7 3221.36 33.7557  3039.62 NMA Benzene C-H (all B+l bonds)
[3,4] symmetric stretching and [5,6] symmetric &théng,
two sets are asymmetric

8 3202.33 14.2795  3027.18 PGE Benzene C-H (allGi¢ bonds)
[2,5] symmetric stretching and [3,6] symmetric &théng,
two sets are asymmetric

9 3195.86 3.8398 3013.76 NmA Benzene C-H (all vkl bonds)
[2,5] symmetric stretching and [3,6] symmetric &théng,
two sets are asymmetric

10 3193.12 1.6407 2999.41 PGE Benzene C-H (all@ié bonds)
[2,4,6] symmetric stretching and [3,5] symmetriegthing,
two sets are asymmetric

11 3188.84 3.1139 2980.46 NmA Benzene C-H (all Gvel bonds)
[2,4,6] symmetric stretching and [3,5] symmetriegthing,
two sets are asymmetric

12 3182.55 29.8025  2955.35 NmA C-H3
H-C-H asymmetric stretching

13 3161.74 37.6403  2937.00 PGE C-H2
H-C-H asymmetric stretching

14 3124.88 26.703 2924.36 PGE epoxide C-H2
H-C-H asymmetric stretching

15 3109.64 34.8811  2904.30 NmA C-H3
H-C-H symmetric stretching, C-H stretching,
two sets are asymmetric

16 3090.42 35.2409  2884.15 PGE C-H2
H-C-H symmetric stretching

17 3054.18 49.86 2870.91 PGE epoxide C-H
C-H stretching

18 3007.26 44,3058  2822.33 PGE epoxide C-H2
H-C-H symmetric stretching

19 2996.7 70.6647  2797.36 NmA C-H3
C-H3 symmetric stretching

20 1653.13 62.8382  1604.87 NmA Benzene C-C
C (6-1-2) symmetric stretching and (3-4-5) symneestretching, two sets
are symmetric

21 1650.38 124561  1599.74 PGE Benzene C-C
C (6-1-2) symmetric stretching and (3-4-5) symneestretching, two sets
are symmetric

22 1631.41 247829  1587.07 PGE Benzene C-C
C (6-1-2) asymmetric stretching and (3-4-5) asymimstretching, two sets
are asymmetric

23 1624.39 9.658 1586.82 NmA Benzene C-C
C (6-1-2) asymmetric stretching and (3-4-5) asymimstretching, two sets
are asymmetric

24 1542.76 48.8499  1509.36 NmA C-H3

H-C-H scissoring



Table 2.3 Continued.

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

a4

45

46

47

48

49

50

51

52

53

54

1535.71

1528.9

1520.9

1520.59

1507.99

1489.54

1483.68

1481.77

1453.29

1418.39

1387.65

1383.01

1377.6

1362.31

1357.28

1354.8

1351.82

1313.83

1285.34

1249.07

1231.88

1226.36

1213.99

1205.49

1200.78

1198.93

1167.04

1150.05

1119.79

1110.95

11.9678

62.1109

429

130.543

28.9012

9.0192

3.864

1.5519

19.9098

0.429

35.3202

11.5667

8.299

2.2365

4.0871

30.2426

20.9933

22.1293

67.5613

214.816

65.2122

1.5219

55.6338

5.2474

44.6872

4.5594

39.1429

15.7729

42.95

10.9617

1493.33

1471.37

1489.95

1433.06

1454.90

1302.14

1319.58

1264.16

1244.00

1155.56

1152.34

117457

1110.19

1073.33
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PGE CH2
CH2 scissoring
NmA C-H3
H-C-H scissoring
NmA C-H3, PGE-NmA benzene C-H
NmA H-C-H scissoring and benzene C(2,3)-H rockidh,6)-H rocking
PGE Benzene C-H
benzene C(2,3)-H rocking, C(5,6)-H rocking, twessate symmetric
PGE epoxide CH2
C-H2 scissoring
NmA CH3
C-H scissoring (all symmetric)
PGE Benzene C-H
C(3,4,5)-H rocking, C(2,6)-H rocking
NmA Benzene C-H
C(3,4,5)-H rocking, C(2,6)-H rocking
PGE C-C-C
C-C-C asymmetric stretching
PGE CH2 and epoxide CH2
[CH2 wagging], [epoxide CH wagging and epoxide Gi#yging] two are
asymmetry
PGE CH2 and epoxide CH2
[CH2 wagging],[ epoxide CH wagging and epoxide Gi#yging] two are
symmetry
PGE benzene C-C
C(6-1-2) asymmetric stretching and C(3-4-5) asymimstretching, two
sets are symmetric
NMA benzene C-H
C(2,3,4,5,6)-H rocking
PGE CH2 and epoxide CH
CH2 wagging, epoxide C-H scissoring and epoxide G&i&ting
NMA benzene C-C
C(6-1-2) asymmetric stretching
PGE benzene C-C
C(6-1-2) asymmetric stretching
NMA C-N-C
C-N-C asymmetric stretching and entire vibration
PGE epoxide C-C and O-H
Epoxide CH2 twisting, epoxide C-H scissoring anti@eissoring
PGE CH2
CH2 twisting
PGE epoxide CH2 and O-H
Epoxide CH2 twisting and O-H scissoring
PGE C-O-C(benzene)
C-0-C asymmetric stretching
NMA benzene C-H
C(2,3)-H scissoring and C(5,6)-H scissoring, tws sge symmetric
PGE benzene C-H
C(2,4)-H r scissoring and C(5,6)-H scissoring, tets are symmetric
NMA benzene C-H
C(3,4)-H scissoring , C(4,5)-H scissoring and O@j6scissoring
NMA C-N-C(benzene)
C-N-C symmetric stretching and entire vibration
PGE benzene C-H
C(2,3)-H scissoring, C(3,4)-H scissoring, and (B&cissoring
PGE Epoxide C-C-C and NMA C{KeBizene)
C-C-C scissoring and C-N-C asymmetric stretching
NmA CH3
CH3 twisting
Epoxide C-C-N
Asymmetric stretching and entire vibration
NmA benzene C-H
C(2,3)-H scissoring, C(3,4)-H scissoring, and @j&cissoring
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55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

1107.22

1089.65

1069.13

1050.87

1046.68

1029.94

1028.82

1017.29

1012.08

1007.62

1006.95

1002.77

984.286

937.157

933.641

926.207

868.668

864.963

862.648

794.607

787.765

777.283

761.948

723.144

717.808

635.486

633.079

621.688

569.812

17.8456

6.0146

38.5049

24.1741

22.6093

0.447

1.2407

38.7944

6.4186

1.4329

1.5445

34.3788

64.7725

8.4659

10.4402

13.4605

7.0298

0.9678

0.9001

78.1031

97.6736

13.5616

23.1316

41.6464

29.5739

1.1221

0.7448

3.8223

25.4285

1021.45

1023.55

906.71

885.92

751.02

754.84

693.23

692.50

633.94

22

PGE benzene C-H
C(2,3)-H scissoring, C(4,5)-H scissoring, and @&cissoring
PGE Epoxide C-C-C, NMA epoxidd-C
C-C-C asymmetric stretching and C-N-C asymmetrigtching
PGE Epoxide C-C-C
C-C-C symmetric stretching
NmA benzene C-C
C(3-4-5) symmetric stretching
PGE benzene C-C
C(3-4-5) symmetric stretching
NmA benzene C-H
C(3,5)-H wagging and C(2,4,6)-H wagging, two setsasymmetric
PGE benzene C-H
C(3,5)-H wagging and C(2,4,6)-H wagging, scisspriwo sets are
asymmetric
PGE O-C and benzene C-C
C(6-1-2) scissoring and C(3-4-5) scissoring, O+€tshing
NmA benzene C-C
C(6-1-2) scissoring and C(3-4-5) scissoring
NMA benzene C-H
C(2,5)-H wagging and C(3,6)-H wagging, two setsasymmetric
PGE benzene C-H
C(2,5)-H wagging and C(3,6)-H wagging, two setsasymmetric
PGE O-C and benzene C-C
C(2-3-4) scissoring and C(5-6-1) scissoring, O+€tshing
PGE-NmA
PGE epoxide C-C-C symmetric stretching and epogide-N asymmetric
stretching
NmA benzene C-H
C(2,6)-H wagging and C(4)-H wagging, two sets aganetric
PGE benzene C-H
C(2,6)-H wagging and C(4)-H wagging, two sets ananetric
PGE epoxide CH2 and CH2
Epoxide CH2 and CH2 rocking
PGE epoxide C-C-C
C-C-C symmetric stretching
NmA benzene C-H
C(2,3)-H wagging and C(5,6)-H wagging, two setsaagmmetric
PGE benzene C-H
C(2,3)-H wagging and C(5,6)-H wagging, two setsaagmmetric
NmA benzene C-H
C(3,4,5)-H wagging
PGE benzene C-H
C(3,4,5)-H wagging
PGE benzene C-C and Benzen&C-O
C(3-4-5) symmetric stretching and C-O-C symmethietshing
NmA benzene C-C and BenzeneQC-N
C(3-4-5) symmetric stretching and C-N-C symmettietshing
NmA benzene C-H
C(2,4,6)-H wagging
PGE benzene C-H
C(2,4,6)-H wagging
NmA benzene C-C
C(2-3-4) symmetric stretching and C(5-6-1) symneedtretching, two sets
are asymmetric
PGE benzene C-C
C(2-3-4) symmetric stretching and C(5-6-1) symneedtretching, two sets
are asymmetric
NmA benzene C-N-C and PGE epd@@i€-N
C-N-C symmetric stretching and C-C-N symmetrictstiig
PGE benzene C-O-C
C-0O-C symmetric stretching
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84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100
101

102

103
104

105
106

107
108

553.079

542.125

521.405

508.603

482.123

462.489

427.881

426.184

404.535

341.061

339.011

332.607

285.597

245.697

234.507

177.422

166.511
125.262

96.0871

79.5917
65.6114

48.9814
47.681

22.881
13.7032

12.2027

0.5986

12.6707

94.4715

10.9246

2.6071

0.0849

2.146

9.454

3.1252

1.3157

18.6825

1.8666

2.8177

6.3207

4.8792

2.1199
2.7245

0.0651

0.3254
5.2424

0.1002
1.8528

0.2448
0.0484

512.52

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A

N/A

N/A
N/A

N/A
N/A

N/A
N/A
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NmA benzene C-H
C(2,3,5,6)-H wagging
PGE benzene C-O-C and O-H
C-0O-C scissoring and O-H scissoring
PGE benzene C-H
C(2,3,5,6)-H wagging
PGE O-H
O-H scissoring
PGE O-H and epoxide C-C-RIANC-N-C
O-H scissoring C-C-C scissoring, NMA C-N-C scisagri
PGE epoxide C-C-N and NMA &N
C-C-N scissoring, NMA C-N-C scissoring
PGE benzene C-C
C(6-1-2) twisting and C(3-4-5) twisting
NmA benzene C-C
C(6-1-2) twisting and C(3-4-5) twisting
PGE-NmA C-C-C-N
C-C-C-N vibration
PGE-NmA
Epoxide C-N-C(NMA) scissoring
PGE-NmA C-C-C-N
C-C-C-N vibration
PGE-NmA C-C-C-N
C-C-C-N vibration
PGE benzene C-O-C
C-0O-C rocking
PGE benzene C-O-C
C-0O-C wagging
PGE-NmA epoxide C-N-C andx@®C-N-benzene C
epoxide C-N-C scissoring and epoxide C-N-benzeseissoring
NmA CH3
CH3 twisting (all three C-Hs)
PGE-NmA entire vibration
NmA CH3
CH3 twisting (all three C-Hs) opposite directionrfr 177.422
NmA CH3
CH3 twisting (all three C-Hs) and entire vibration
PGE-NmA entire vibration
PGE epoxide C-C-O
C-C-0O rocking
PGE benzene C-C
C(6-1-2) twisting and C(3-4-5) twisting
PGE-NmA entire vibration
PGE-NmA entire vibration
PGE-NmA entire vibration
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CHAPTER 3.HYDROGEN BONDING ANALYSIS VIA FT-IR

3.1 Association theories

Hydrogen bonding has been extensively investigasiuy IR techniques since 1950s for
its importance in biological applications and supoéecular systems such as amino acids
or peptides [9-11]. Earlier efforts on the veritioa of hydrogen bonding association
were through various alcohol solutions in non-pslalvents. Since Kempter and Mecke
proposed hydrogen bonding equilibrium in alcohd][Inany researchers have found
self association equilibrium of alcohol speciedliintion system. Coggeshall and Saier
further developed Kempter and Mecke’s equilibridmadry using different association
constants such as dimer and linear oligomer fownatonstants for alcohol-C{binary
systems [13]. Fletcher found acyclic and cyclicaeter were the main association
species in ethanol:agolution dissolved in n-decane system [14]. Shiiyaret al. applied
dimer-tetramer-octamer equilibrium model to theroxyl group association in Pentanol-
Heptane system [15]. However the systems they Weresed on was only the
association of hydrogen donor with a single hydmgending acceptor and two pairs of
electron attached on the hydroxyl group have mhadeanalysis obscured.

Secondary amine and amide groups have also bedmgbfed for a hydrogen bonding
bearer due to their biological importance. Moreoteese groups form a simpler

association with hydrogen bonding acceptors thatidxyl group since only one pair of
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electron exists. The first approach to investidgat@rogen bonding association has been
made with various amides in benzene solution byi&aand Thomas [16]. Then, Klotz
and Franzen investigated the hydrogen bonding edsntof amine group on N-
methylacetylamide with ether group using dimer amdtimer equilibrium constants [11].
Whetsel and Lady first focused on the multiple logehm bonding associations of amine
species with intramolecular and intermolecular ptwes. They elucidated the association
with intermolecular association of amine group vétivent as well as various hydrogen
bonding acceptors of additives. However, their weds also limited to a single
association species, even though they suspectstéege of multiple associations in the
system [17, 18]. Later, Nikdliet al investigated self association of N-ethylgeghide

and N-methylpropylamide in C&at a low concentration range (0.003-0.1 mol*jiiand
n-bond association of those materials in variouzbea derivatives independently [19].
Ellison and Meyer utilized N-methylaniline to camfi N-H---N dimer complex formation
in Cylcohexane solution and N-H: complex formation in Benzene separately [20].
Their works provided the possibility of multiplesagiations in amide and amine groups
but the investigation of multiple associationsha system was not considered due to lack
of experimental data analysis technique. Multigt Bydrogen bonding associations in a
wide range of dilution concentration (from 0.02®0R0ol dm®) of N-methylaniline was
elucidated here for the first time, based on ttegdiure findings to my best knowledge.
Vibrational spectroscopy techniques such as Infrarel Raman have been major tools
for monitoring hydrogen bonding since spectral adatatain all vibrational frequency
information of covalent bond as well as inter- amda molecular interaction of the

vibrational species [21-24]. Hydroxyl and Amine gpocould associate with various
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proton acceptors to form hydrogen bonds by intentoa molecular interaction. These H
bond resulted in broad band formations at a lowegufency area than the frequency of
original (free) OH or NH vibration occurred and shmade spectroscopic interpretation
obscured. Therefore, quantitative interpretationyafrogen bonding peak by resolving
spectral complexity was essential to understanartblecular interaction of the system of
interest.

Extensive thermodynamic data of monomer fractiarcesposition have been collected
to investigate hydrogen bonding association [1525330]. However, most of monomer
fraction data were only limited to the diluted centration range, where the association
(equilibrium) models could be applied well. A fewonomer data were collected at the
entire range of composition (mole fraction), bug tollection of data was difficult due to
interference of neighboring peaks, especially atdbncentrated range. Moreover,
obtained data were mostly monomer fraction, notittaal concentration, and the
monomer fraction could not provide an accurate dataconcentrated system because
monomer fraction at a concentrated range couldhbenestimated when comparing with
that in the lower concentration range. Neverthelessiomer fraction vs. composition
data has been utilized to apply various associdkiearies mainly because of no need to
obtain the individual extinction coefficient of tipeak.

Various theories were proposed and applied to tigate hydrogen bonding association
of alcohol and amine groups. Many researchers hey@osed chemical equilibrium of
proton donor and acceptor since Kempter and Meoigegsed a simple equilibrium of
hydrogen bonding association in alcohol system 243, However, free monomer

fraction data obtained from Near IR spectrum cawdtlbe accurate with the absence of
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peak resolution techniques such as spectral detdioroeven in the near-IR region,
where less spectral complexity existed comparirty wiid IR region [15]. Kristiansson
observed no free monomer existed in the neajfGEDspectrum and concluded that the
equilibrium model for free monomer and various otigers could not entirely
satisfactory [31]. Thermodynamic association theosguch as SAFT (Statistical
Associating Fluid Theory), CPA (Cubic-Plus-Assoaj, and NRHB (Non-Random
Hydrogen Bonding) were also proposed to explaindgen bonding association in
alcohol-solvent binary systems [27]. However, thpl@ations of various
thermodynamic theories were only limited to theighitl phase where the solvent
molecules were abundant and the associating spguaesely existed. Various models
regarding hydrogen bonding equilibrium in the datbéained from spectroscopic methods

could be found on table 3.1.
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Table 3.1 Literature findings on hydrogen bondingikbrium

material Detection range Method Modeling/ findings

Ethanol in CCJ[26] 0.227-0.76 mol/L FT-IR Equilibrium model, Cogghall and Saier, J.
Am. Chem. Soc.,73, 5414, 1951

1-Hexanol and 1-pentanol in n-Hexane M.F. 0.0094-0.0504 FT-IR Extended lattice fluid hyglen bonding

[32] theory with cooperativity theory

1-Pentanol and 3-Pentanol in Heptane 0.62-9.21 mol/L (up  Near IR Kirkwood and Frohlich equation, monomer-

[15] to neat) dimer-tetramer-octamer model

Methanol in Hexane [25] M.F 0-1 (whole IR-ATR Factor Analysis, found no spectral evidente

range) free OH in the mixture
CD3OH in CCL [31] M.F. 0-1 (whole FT-IR Current equilibrium model cannot explain
range) monomer depletion

Propanol in heptanes M.F 0-0.08 Propanol Data from  Association models, sPC-SAFT, CPA and

Ethanol in Hexane [33] M.F 0-0.13 Ethanol literatures ~ NRHB to find monomer fractions

N-ethylacetmamide and N- 0.003-0.1 mol/L FT-IR Klotz and Franzen model witfo association

methylprorionamide in CG[19] constants, J. M. Klotz and J. S. Franzen, J.
Am. Chem. Soc., 84,3461-3466, 1962

N-methylacetmamide in C£J28] 0.01-0.17 mol/L FT-IR and Klotz and Franzen model with two association

Dielectric constants, J. M. Klotz and J. S. Franzen, J.
Polarization Am. Chem. Soc., 84,3461-3466, 1962

4-ethylphenol in Cyclohexane [24] 0.0019-0.603 mol/  FT-IR Modified Coggeshall and Saier model, J. Am.
Chem. Soc.,73, 5414, 1951

Hexafluoro-2-phenyl-2-propanol in 0.0801-1.002 mol/L FT-IR Modified Coggeshall andesanodel, J. Am.

cyclohexane [34] Chem. Soc.,73, 5414, 1951

Methanol, ethanol, and tert-butanol in  0.005-1.0 mol/L FT-IR monomer-dimer-trimer and higier

CCl, [29] equilibrium model

1-octanol, 1-propanol, 0.001-0.54 mol/L FT-IR Self aggregation model wasdi

2,4-dimethyl-3-pentanol, 2-methyl-2- Concentrations were obtained from

propanol, 3-ethyl-3-pentanal, multivariate curve resolution method

and 3-methyl-2-pentanol in CB5]

2,2-dimethyl-3-ethyl-3-pentanol 0.1621-0.3243 mol/L  FT-IR Monomer-dimer self asation model

in tetrachloroethylene [36]

Ethanol in Hexane [30] M.F. 0.101-16.03 % FT-IR IQUAC association model using monomer-

dimer-oligomers equilibrium
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3.2 Hydrogen Bonding Association of Amines

In a practical point of view, multiple hydrogen lalimg associations occur at the same
time not only in the intramolecular form but alstermolecular form in the actual field
of hydrogen bonding formation such as polymer sgsithas well as various biological
applications. Therefore, it is important to assagul understand the multiple hydrogen
bonding formations and their behaviors in the cax@ystem. Here, in this chapter,
multiple self associations with different hydrod@mmding acceptors were investigated
using N-methylaniline (NmA), which has a single hygken bonding donor and two
potential hydrogen bonding acceptors, a pair afted@ on the amine group andc-doond
on the phenyl group. Monomer (NmA whose NH groufses from hydrogen bonding
association) concentration was obtained from spkdéconvolution technique. To
collect spectral evidence of association with défe proton acceptors, Toluene and
Triethylamine were employed as model proton acesm@dditives respectively to
investigater-bond and Amine group associated hydrogen bondittgMH group in low
concentration of NmA solution in CEICollected IR spectra from KBr transmission
windows were pre-processed by baseline correcimsuwbtraction of CGland H-bond
acceptor spectra. Then, peak deconvolution wasimeed with suggested product form
of Gaussian and Lorentzian peak line shape funcbBemsity Functional Theory
calculation was also performed for the geometrynoigition and production of
frequency data for the hydrogen bonding peaks lamdesults were compared with
experimental data. Finally IR spectra for NmA-g&ystem were deconvoluted

according to the spectral line shape informatiotaimied from ternary system and a
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postulation of phase transfer was proposed to esdecreasing trend of free monomer

concentration as the phase got condensed.

3.2.1 N-methylaniline Associations

N-methylaniline (NmA, Sigma-Aldrich Corp.) was usasla proton donor in the binary
system and both proton donor and acceptor in tinaitg systems. Model hydrogen
acceptors such as Toluene and Triethylamine weze tosacquire single equilibrium of
n-bond and amine group respectively and Dimethyl@mvas utilized to obtain double
hydrogen bonding formations from two acceptordimternary system. All agents were
purchased from Sigma-Aldrich with purity of overd®@9These agents were used without
further purification. For ternary system, the inpatount of NmA was set to under 1
weight percent throughout the entire experimergate prevent self association and the
input amount of other agent varied from 0.5 to 4fghit percent, dissolved in
carbontetrachloride (CglSigma-Aldrich). For monitoring NmA self assoctatiin CCl,
0.1-90 weight percent of NmA was dissolved in £Three Teflon spacers with
different path length were utilized to measurepbak intensity of hydrogen bond in a
valid detection limit of IR absorbance. Figure 8libwed the NmA spectra dissolved in
CCl, obtained with different path length. To elimingggh length effect on the intensity,
the absorbance values were divided by path lendtiecslet 6700 FT-IR (Thermo
Scientific Corp.) with KBr beam splitter and deuwatied triglycine sulfate (DTGS)
detector was used to obtain spectra. Liquid satmpleer with 32mm diameter round

KBr crystal windows (purchased from New Era Entisg®) was utilized to obtain IR
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spectra in a transmission mode. 32 scans weregactta offset the error. All the spectra
were obtained 15 minutes after installing the kgolder in the transmission sample
chamber to eliminate carbondioxide and water intagin the chamber. IR analysis was

performed in a room temperature.
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Figure 3.1 Series of NmA spectra dissolved in JGth various dilution concentrations
from 0.002 to 0.92 g cth

IR spectral data was pre-processed by baselineatmn. For ternary system, IR spectra
of hydrogen bond acceptor species were subtrantedthose of ternary mixture to
eliminate overtone peaks in the spectral range26033600 crit. 5 different spectra of

hydrogen bond acceptor agents whose dilution cdrat@n values ranging from 0.048
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to 1.004 g crit were taken and their concentration-peak inter{eigjght) relationships
were obtained at the wavenumber range of 3200-8600 Then, H-bond acceptor
spectrum was subtracted from each spectrum ofreryatem, after considering H-bond

acceptor agent concentration inside the ternarytisol.

3.2.1.1. Hydrogen bond equilibrium for ternary syst

DFT calculation was first applied to verify theacat influence of the hydrogen bonding
on the chemical conformation as well as IR freqyehmmA-Toluene and NmA-
Triethylamine (TEA) systems were chosen to exarhiygrogen bonding associations
with = bond and amine electron pair respectively. Geonwitimization was conducted
first with B3LYP/Lanl2DZ level calculation and thérequency data were obtained using
same level of calculation. Figure 3.2 showed otedigeometry of two association
systems, NmA-toluene and NmA-TEA. NH vibration afted by hydrogen bonding with
n bond and amine group were both present at loveguincy area and the wavenumber
differences from the free NH peak of single NmAd(ghift) were 25.2 and 251.3 €m
respectively. The comparison of NH peak shiftingagied from DFT calculation with
that from experimental IR frequency was summarinetiable 3.2. The frequency
values from DFT were found at higher frequency heeahe calculations were done
under the assumption of gas phase. However, taguwelfrequency shift indicated that
the association of hydrogen bond lowered the vidmat frequency. logansen verified
that the red shift resulted from hydrogen bondimgrfatior(Av) is proportional to the

square of hydrogen bonding enthalpyAH)? , which indicated that hydrogen bonding
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accepting power of amine group is stronger thahdha group [37]. Rozenberg et al.
empirically obtained correlation between vibratioreal shift and distance in between
associating atoms and elucidated hydrogen bonckytlof alcohol was proportional to
the inverse third power of hydrogen bond donor-ptaredistance [38]. The calculated
association length of H witi-bond and amine group were 2.79 and 2.21 A resyi
which supported that amine hydrogen bonding wamgér tham-bond hydrogen

bonding.

Figure 3.2 Optimized geometry of NmA-toluene (laftid NmA-TEA (right) system
from Density Functional Theory calculation

Table 3.2 Comparison of NH peak shift

NmA NmA-Toluene NmA-Triethylamine
Frequency from DFTAv) 3673 (0) 3648 (25) 3422 (251)
Frequency from FT-IRAv) 3441 (0) 3425 (16) 3292 (149)

To find free monomer peak line shape informatiomal as the extinction coefficient,

spectra of 0.1 wt. % to 0.9 wt. % of NmA dissolveCCl, were obtained. Figure 3.3
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showed IR spectrum of 0.1 wt. % NmA in G&bm 3300 to 3600 cth It was found

that the peak line was composed of 99.9% Lorentm@shape which indicated that the
peak was from a single stretching vibration, nebagted with the environment. The
spectral lines for Amine group up to 0.9 wt. % sésgould be fitted with single
Lorentzian line shape function and the extinctioefticient could be obtained from
slope of absorbance vs. concentration plot as shefigure 3.4. Experimentally defined
extinction coefficient value of free monomer wa€18 cnf g, which was taken from

the slope of [Absorbance]/[path length] vs. Diluticoncentration plot in figure 3.4.

0.02 .
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Figure 3.3 Peak fitting of 0.1% NmA diluted in G@blue: experimental spectrum, red:
99.9% Lorentzian peak)
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Figure 3.4Extinction coefficieit determination of free monomer of NmA in (4
solution, (a): spectra of NmA with low dilution centrations (0.002, 0.005, 0.0(
0.010 g criv), (b): plotting for extinction coefficient evalian

Figure 35 showed spectral evolution in two differd¢ernary systems. IR spectra
NmA-Toluene-CCJ and NmA-Triethylamine-CCJ were obtained to investigate sini
hydrogen bonding with-bond and Amine group respectively. NmA concentrati@as
limited to be below 1 wt. % of the solution to peet self assciation of NH in NmA
with the hydrogen bondinacceptors of phenyl and amine electron paiNmA
molecules. Therefore, only two peaks were expeftted ternary system, which we
free monomer peak and the hydrogen bonding peak &ach proton accept. For
monomer peak, the same peak line shape infornm with 99.9% of Lorentzian lin

shapewas applied, which was obtained from low concerralimA spectra (rangin
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from 0.0022 to 0.010 g cf. Peak line shape constraints applied for the dryein

bonding peaks were listed in Table 3.3.

Table 3.3 Constraints applied to NH and hydrogamdbay peak parameters for binary

systems
Free NH NH-Toluene NH-TEA
Value(LB-UB)' Value(LB-UB)' Value(LB-UB)'
H 0.4(0-2) 0.5(0-2) 0.5(0-1)
m 0.999(0.99-1) 0.9(0.8-1) 0.95(0.85-1)
X0 3441(3440-3442) 3425(3424-3427.2) 3292(3290-3294
w 28(26-30) 33(32-35) 132(130-140)

TLB:lower bounds, UB:upper bounds
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Since Toluene and Triethylamine have one hydroge lacceptor, simple equilibrium
model of dimerization could be applied for hydrodpmding of NH group with single

proton acceptor in the ternary systems of NmA-To&€Cl, and NmA-TEA-CCJ.

AH + B & AHB (3.1)
Where, AH=free Amine species, B=hydrogen acceptbiB=hydrogen bonding species.

Mass balance and equilibrium constant equationasfellows

[AH], = [AH] + [AHB] (3.2)

[B], = [B] + [AHB] (3.3)
__ [AHB]

K=l (3.4)

Elimination of [B] and [AHB] by mass balance givé® quadratic solution and with

experimentally obtained extinction coefficient oAy, peak area could be calculated

—{1+K[B]o—K[AH]o}+/{1+K[B]o—K[AH],}2 +4K[AH]
AAH — 0 0 \/ZK‘XAH 0 0 0 (3.5)

K value that finds minimum error could be obtaitgdoptimization method for multiple

data points,
Error = YaaalAy — ARR (K] (3.6)

The extinction coefficient calculation of hydrogeonding peak was important to obtain

the concentration profile of the hydrogen bondipgaes. From equilibrium equation
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(3.4), eliminating [B] by applying the mass balahBg, = [B] + [AHB] gives the

equation,

__ K[AH][B]y _ K(Aau/xan)[Blo
[AHB] = 1+K[AH] ~ 1+K(Aan/Xan) (3.7)

Experimentally determinedl, g vs. calculated concentration of AHB\HB] plot gave

the extinction coefficient of AHBy,yg-

Figure 3.6 showed the peak area estimation ofNitdgeak with optimized equilibrium
constant of the ternary system. Lsqnonlin routhoenf MatLab was applied to obtain the
equilibrium constant with least square method. &ktenction coefficient of free NH
peak obtained from the lower concentration of NneAiBons was applied to find
calculated peak area value from equation (3.5yak found that the single equilibrium
model could successfully estimated monomer peakair&lH group in the ternary
systems for the dilution concentration of Toluend @EA up to 0.45 g ci The
optimized equilibrium constants for the ternarytegss with toluene and TEA were 1.43
and 1.1Zm™ g* respectively. Therefore, it was concluded thataey system with single
hydrogen bonding species could be governed by simquilibrium kinetics of 1:1 H-

bond donor and acceptor.
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Figure 3.6Single equilibrium constant optimization for temarystems (Nm.-Toluene-
CCl, (a) and NmA-TEACCI, (b), reverse triangle: experimental dilution cortcation,

solid square: experimental peak area of free monoen@pty square dot: calculated pe
area of free monomer, solid diamond: experimergakparea of -bonding peak, empt
diamond dot: calculatepeak are of -bonding peak)
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3.2.1.2. Multiple H-bond acceptors in ternary syst&lmA-DMA-CCl,

NmA-Dimethylaniline (DMA) system was investigaterdéxamine multiple equilibrium
states in a binary system since DMA contained mieltH-bond acceptors,bond and
Amine group inside of the structure. Input amoumimA was limited to 1 wt. % in the
total solution to prevent self association effdfdmA. Figure 3.7 (a) and (b) showed
series of NmA-DMA spectra and a deconvolution exignab 7wt. % of DMA sample
respectively. The first approximation of the peakgmeters were obtained from each
ternary system, NmA-Toluene-CCGind NmA-TEA-CCJ system. Free monomer peak
parameters were the kept the same throughout gtersg investigated here. However,
for the peak line shape parameters of hydrogen hesdciated NH peaks were not
exactly same as those from NmA-Toluene and NmA-TDirary system due to the
structural differences and difference in electrengity of hydrogen bonding acceptors.
Therefore, rough guess on the peak line shapenaioon and peak positions were
possible from each ternary system. The constréanthe peak parameters in NmA-
DMA system were summarized and compared with tifrage each binary system in
table 3.4. For NH-phenyl group, the peak positi@s whifted by only 10 chto the
lower wavenumber area when it is compared with Ndi&ne because of its
resemblance in chemical structure. However, peakipo of NH-Amine hydrogen bond
was shifted by 90 cthwhen it was compared with that of NH-TEA in binamstem.
Steric hindrance effect as well as electron derignge resulted from the difference in

chemical structure might contribute to the largakpposition shift.
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Figure 3.7Series of Nm»DMA spectra (a) and spectral deconvolution of 7%tsample
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Table 3.4 ©nstraints applied tthe hydrogen bonding peglarameters for Nm-DMA
system and comparison with other binary systemnpeter:

NH-z bond in NmA-  NH-Amine group in NH- = bond in NH-Amine group in
DMA system NmA-DMA system  NmA-Toluene system NmA-TEA system
(LB-UB)' (LB-UB) (LB-UB) (LB-UB)
H 0.5(0-2) 0.5(0-2) 0.5(0-2) 0.5(0-1)
m 0.45(0.4-0.5) 0.92(0.9-0.95) 0.9(0.8-1) 0.95(0.85-1)

X0  3418.5(3417-3419) 3378.5(3378-3379) 3425(3424-3427.2)  3292(329-3294)

W 34.5(34-35) 92(90-94) 33(32-35) 132(130-140)
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Two equilibrium equations of dimer formation wepgphed at the same time since DMA

had multiple hydrogen bonding acceptors.

K

AH + B, & AHB, (3.8)
K,

AH + B, & AHB, (3.9)

Two quadratic equations obtained from (3.8) anfl)(Zand mass balance equations were
solved at the same time with Isgnonlin routine iathab. Figure 3.8 showed the
comparison of measured peak area with the calcutates using optimized equilibrium
constants. Optimized equilibrium constants andnektin coefficients of the hydrogen
bonding peaks were listed in table 3.5. It was shéram the comparison of optimized
equilibrium constants with each other, NHbond formation was preferred in NmA-
DMA-CCI, system, which was shown to be consistent in tiratg system. Howevett,
bond associated equilibrium constant increased3®¥,4vhere as amine group associated
equilibrium constant decreased by 42%. This seambéd resulted from the steric
hindrance effect of DMA species. In DMA abundantiesnment,x bond could be
associated with NH group more easily than the giaglectron on the amine group

because that bond had relatively larger size asigleaccess than the amine group had.
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dot: calculated peak are of H-bonding witlhond peak, solid triangle: experimental
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Table 3.5 Optimized parameters for NmA-DMA system
parameter Ki(cm®g)  Ke(cm®g)  xps (cm° Q) Xs2 (cm® g)

Value 2.001 0.269 6524.08 3627.68
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3.2.1.3. Self association of NmA

Multiple hydrogen bonding association with differérydrogen bonding acceptors have
been investigated with ternary system as well a§ Batculation of frequency data so far.
It was found from the hydrogen bond associatiodysthat the spectral red shift and
peak line shapes due to hydrogen bonding were depéwon the characteristics of
hydrogen bonding acceptor, such as electron deasdymolecular structure. Equilibrium
analysis of ternary system provided the idea oftiplel self association of NH with

bond and amine group inside of NmA structure. Basethe relative peak information
of hydrogen bonded species in the ternary systpeak deconvolution was performed
for the spectra of NmA dissolved in GCas shown in figure 1, with various dilution
concentrations, which varied from 0.1 to 90 wt. Pliree peaks were used for the
deconvolution, free monomer of NH grouphond associated NH, and amine group
associated NH group. Among them, free monomer gareton could be directly
obtained using verified extinction coefficient valtrom figure 3.4. Figure 3.9 showed
the concentration evolution of free monomer witbpect to NmA dilution concentration.
It was noteworthy that the free monomer concermmatvas decreasing after the total
dilution concentration reached to 0.4 g'trithis trend indicated that the equilibrium
could not govern the system at high dilution coniaion. There were some literatures
that were raising the possibility of monomer corication decreasing at high dilution
concentration or in a neat system of Pyrrole oakthin CC}, [39, 40]. However,
guantification of free hydrogen was not possible ttulack of spectral deconvolution

technique. There were also various attempts todondlibrium of alcohol and amine
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hydrogen bonding in the diluted solutions in 200G3%, 36, 41] using monomer
concentration. However, their works were limitedte very low dilution concentrations,
where only chemical equilibrium dominated. Coggéisirad Saier model has been
chosen for describing hydrogen bonding equilibriara wide selection of dilution
systems including amine and hydroxyl groups [19,28} 28, 34]. This model contained
two equilibrium constants, dimer and multimer fotimas, for the species having
multiple hydrogen bonding acceptors. Their assuonpiias reasonable in a view point
of electron density change in hydrogen bonding pices, because, once the hydrogen
bonding was formed for one side of hydrogen borodpior, the electron density of the
other bonding acceptor could be rearranged bydré&amed bonding and this could
make the second hydrogen bonding easier or mdieutiff32]. Here, modified
Coggeshall and Saier equations were applied tbdibbtained free monomer
concentration as shown in Equations (3.10) andLj3vthere f is monomer fraction and
C is total dilution concentration [34]. Equation1@3) and (3.11) were solved to minimize

error in equation (3.6) with fminsearch routineMatLab.

2(;-v)
Ky =—— s (3.10)
fmC K_1_5+(K_1+T) ]
_ 2m)C 3.11)

T (1-fp)

First, two equilibrium constants optimized for first 6 data points at low concentration
range provided red dot line in figure 3.9 and tlugitimized values for dimer @Kand
multimer (Ko) equilibrium constants were 1.346 and 0.907 gihrespectively. Then,

various K-K; relationships were tested with the model. It wasfl from the model
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fitting that, as the relative magnitude o increased, the monomer concentration rea:
to the saturating point, but it did not decreases Bhowed the limitation of equilibriu
model and at the same time, suggested that adalitgxplanations beyond tl

equilibrium theory should be put on at higher dilution aamcation and neat syste
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Figure 3.9Free monomer concentration profile and dimer anttimer formation
equilibrium model fitting resul

However, it was notified that this free monomer @amtration behavior of NmA in
concentrated solution was not from a specific ohoitthe material. In other worc
various materials showed similar trends even thdbgldegree of monomer existence

a neat system is different from each other. T3.6 showed various examples of fr
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monomer concentration evolutions of methanol ahdral as a function of total dilution
concentration in various solvents. Total conceidnadand monomer concentrations were

calculated from the literature values of mole fi@ts and monomer fractions by simple

Xi

mixing rule,C; = S
pi

, Where Gwas concentration of the species;iwas mole fraction

of i species ang; is density of i species at room temperature. Mogroooncentration in
neat alcohols was obtained by the authors usingcBomthick copper spacer with two
3mm thick KBr transmission windows. The extinctarefficient of monomer peak and
peak information for the deconvolution of the speciuld be obtained elsewhere [29].
Tight constraint was applied to the spectral lingge equation for the monomer peak
with over 99% Lorentzian function and it was foudnain the deconvolution result that
the monomer peak area was almost disappearedtimlicehol. Therefore, it could be
concluded that monomer concentration decreasdtkasikture solution got more
concentrated is the ubiquitous phenomenon foulydnogen bonding associating

system such as alcohol and amine solutions.
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Table 3.6 Comparisons of monomer concentratiomlati®on and neat material

material solvent  Maximum Alcohol mole Monomer Neat alcohol
monomer fraction at concentration concentration
concentration  maximum in neat alcohol (g cm?),
available in the monomer (g cmi), (x 107
literature concentration (x 10™%)
(g cnt), (g cnt),
(x10™%) (x10™%)
MeOH [31] CCl, 44.65 137.61 0.0008 7918
EthanolB0] hexane  50.62 482.41 0.0007 7890
Ethanolp0] heptane  12.09 345.28 0.0007 7890
2-propanolfl] CCl, 92.31 120.20 22.81 7860

Decreasing monomer concentration could be explamadhermodynamic view point.
Figure 3.10 showed a schematic diagram of coroglaif liquid-liquid coexistence curve
and monomer concentration. In the binary liquideyswhose components are miscible
with each other, NmA-Cglin this work could have liquid-liquid equilibriuend phase
transition might occur when the new phase of hydnogonded clusters were growing.
Free monomer concentration had a monotonic incralaeonstant temperature of
ToperationUp t0 the concentration point of; where the monomer concentration curve hit
the coexistence curve. From this point, new phase been created as the clusters were
formed as a result of hydrogen bonding associafibeoretically, Monomer
concentration then should show a linear decreastteftlline inside of the coexistence

curve) by lever rule when the system went throunghtie line (solid horizontal line



50

inside of the coexistence curve) inside of coeristecurve in isothermal and isobaric
conditions from G, to G,gh. However, actual monomer concentration showed a
curvature line shape instead of a linear line. &es been no discussion on this
deviation of monomer concentration behavior, asfawe searched literatures. One
plausible explanation of this deviation is the woasated N-H end group at the surface of
the clusters. The very first forms of hydrogen bagdassociated clusters could be dimers
or trimers and each cluster had one unassociatdceNd group in the cluster. The
formation of small sized cluster at low concentmatrange would increase the number of
unassociated hydrogen bonds. However, as the @olgtt more concentrated, up to

Chigh point, aggregation of small clusters to higherewgalar weight clusters also

occurred at the same time. The aggregation of ssrrtl hydrogen bonding clusters

form a phase itself different from CGibundant phase. However, N-H groups at the
surface of the clusters which are also contactiegoriginal phase could be counted as
free N-H in the original phase and this might affiec the curvilinear decrease in the
number of total hydrogen bond. The concept of pli@sesition in the N-H association

system could be found on figure 3.11.
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Figure 3.105chematic diagram of liqu-liquid equilibrium coexistence curve (dott
green) and monomer concentration evolution (sdagi
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Figure 3.11 A oncept of phase transition in hydrocbonding association syste
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3.2.2 Aniline Associations

Aniline (purchased from Sigma-Aldrich Corp.) assdicin was investigated with dilution
in CCl.. IR spectra were taken with 0.002-1.02 (neat Arilig cn® samples dissolved in
CCl,. Four Teflon spacers (0.500, 0.095, 0.044 and40dh) were utilized to measure
the peak intensity of hydrogen bond in a valid diea limit of IR absorbance. Figure
3.12 showed the aniline spectra dissolved in,@Btained with different path length.
The absorbance values were divided by applied leatith for clear comparison of
spectral line shape evolution. The spectra of #mesconcentration samples with
different thicknesses showed perfect overlap wattheother. Spectral line shapes of
aniline with the lowest concentrations (0.02, 084 0.08 g citl) were on the right top
of figure 3.12, and from the spectral line shageh® most diluted aniline-C¢bystem,
two prominent peaks were found at 3479 and 3393, evhich were assigned to
asymmetric and symmetric stretching vibrations by DFT calculation.
[Absorbance/path length] vs. concentration linéhoée diluted aniline spectra provided
the extinction coefficients of asymmetric monomealp (3479 cil) and symmetric

monomer peak (3394 ¢ty 14315 and 14649 cng* respectively.
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Figure 3.12 Series &fniline spectra dissolved in CQWith various dilutior
concentrations from 0.002 1.02 g cn®

From the dilution experiment foiniline-CCl, binary system, anoth@rominen peak
was developed at around 3; cm*. This peak was verified as an oome band of N-H
bending vibration that was originally found at anduL62( cm™.

It was noted fronthe spectral line shape evolution of ani-CCl, binary syster that
multiple hydrogn bonding associated peaks have ldevelopedn the lowel
wavenumber regionsf free monomer peak at 3479 and 2 cm* as more isopropan
was added on the systeB8elf associations of aniline provided more com@e&ctra
line shape thathose of Nm/ systemdid due to the existence of double vibratic

modes of aniline NH stretchingasymmetric and symmetric stretchiag) mentione:
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earlier. To find the peak positions of hydrogendiog associations in aniline-CCl

binary system, hydrogen bonding associations orguin various ternary systems that
contain hydrogen bonding acceptor species haveibgestigated as shown in figure
3.13. Toluene, Epoxybutane (EB), Triethylamine (JE#&nd Dipropylether (DPA) were
used as representative hydrogen bonding accegdtarband, epoxide group, amine
group and ether group respectively. 1 weight %ndfree was mixed with hydrogen
bonding acceptors with various concentrations {@.40 wt. %) in CGJ. 200 micron

thick Teflon spacer was used with KBr transmissiomdow sample holder purchased by
New Era enterprise, Inc. Obtained spectra for ¢hesary system was subtracted by
spectrum of hydrogen bonding acceptor-£ihary system to eliminate the influences of
solvent and acceptor solute on the spectral liapesin the ternary system. From the
spectral images of aniline-Toluene-G@hd aniline-TEA-CCJ systems, rough

estimation oft-bond association and amine association peak postid peak parameter
could be mader-bond association peaks were positioned at 347288 cnt', which
showedAv from the free monomer Ntpeak to be about 10 ¢heach. Hydrogen

bonding associations with amine group producedfseciation peaks centered at 3324
and 3197 cn, which showed\v of 155 and 197 cthrespectively. Peak position of
amine association peak in aniline-TEA-G@rnary system provided the possible reason
of the absorbance development at around 3200 t0 &38, NH-amine group

association. Spectral line fitting with 7 estimapesghks (2 free NH, 2 amine associations,
and 2r-bond associations and 1 overtone) could not peogidood fitting result. The
reason of spectral complexity in aniline might be tlouble hydrogen atoms. Unlike a

single NH association in NmA, aniline has two NHts linked together. If one NH



bond has been associated with any hydrogen bomrdiceptor species, the elect

density distribution of the associated NH as weneighboringNH could be change

and might produce different peak in aniline spectrum. Therefore, more peaks sh

be required to investigate aniline self associe Peak deconvolution and hydrog

bonding analysis were not performed here, but iild/e investigated in the future, af

the exact origins of getral omplexity are unveiled.
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Figure 3.13Aniline associations with various hydrogen bondatgeptor:
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3.3 Hydrogen Bonding Association of Hydroxyl Groups

Isopropanol was chosen as a model alcohol spaxiesestigate inter and intra
hydrogen bonding associations. This study will elate the hydrogen bonding
associations equilibrium of hydroxyl groups withrieais hydrogen bonding acceptor
species such asbond, amine, ether, epoxide, or other hydroxylgeo(self association),
and finally it will be utilized to estimate hydragéonding associations in a amine-epoxy

reaction system.

3.3.1 Self Association of isopropanol

Self associations of OH groups in various alcolpeicges have been in a great attention
due to its importance in chemical and biologicgllagations [24, 25-27, 30-31, 32-36].
However, even though several postulations wereqseqh for the type of hydrogen
bonding associations of hydroxyl groups, the expéigplanation of association is still in
controversial. There have been two main postulatfoninterpretation of hydrogen
bonding spectrum of hydroxyl group self-associateggregation type and OH type.
Aggregation type theory categorizes the types sbaation into specific aggregation
species, i.e. monomer-dimer-multimer. This postoahas a good estimation of number
of peak formations found at highly diluted concahon (low concentration) ranges but
gives poor estimation of associations at the exnbrecentration range. OH type theory
was first proposed by Graener et al [42]. The astifmund hydrogen bonding dynamics
of OH group in ethanol dissolved in G®ly time-resolved infrared spectroscopy and

introduced various OH types that were recognizetRbgpectrum. The OH type theory
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categorizeshe types of association Ibinding conditions of hydroxyl group moietie
acceptor O and donor H. In this theory 4 typespetcges are present, free unbound dc
and acceptor in monomea), bound acceptor and unbound donor in multirp),
unbound aceptor and bound doncy), and bound acceptor and dondy. Figure 3.14
showed schematic concepts of OH type classifice It was found from the schemati
that only monomer contairo. OH group and the number pfandy OH groups are san
throughout theny multimer species including dimer. The numbei ©OH group wa:
(N-2) in a chain of Nmer. This quantification of OH types will be utgid for setting uj

the equilibrium kinetics of multimer formation isapronanc-CCl, binary systen

—— , [ :=: ';Ilz:
moncmer (J-H dimer OQ-H---O-H
S
trimer O-H---O-H---O-H
/l r 4 rd
R R R
Y, (N-2)6 B
N-mer O_H...O_H ...... O-H:---O-H
/ / / /
R R R R

Figure3.14 Schematics of OH type classification



This type of categorizing is especially effectivénggh concentratio The peak

deconvolution was performed based on OH type dleason since the concentrati
range of isoproparnaries from 0.09 mol™ to neat alcohol (13.07 mc?). Figure 3.15
showed a series of spectra obtained at variousahlgoncentration Three differen
thicknesg200, 34 and 20 micro spacers were useditrmnimize signal to noise rati

Obtainedspectral data was baseline corrected and therptdwtral intensity was divide

by spacer thickness.
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Figure 3.15 Series adopropylalcohc spectra dissolved in CQNith various dilutior
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It was observed that, at lower concentration rafrge,monomer peak: was shown at
around 3625 cthand a peak was shown at a shoulder of free monpesds, which was

B peak, at 3611 cth

At around 3345 ci, a big peak was developed as the dilution conagatr got higher
and a peak was found on the shoulder of the peatoahd 3480 cth These peaks were
assigned té andy peaks respectively. The developmens peak at 3345 cthwas
consistent with the fact thatOH got dominant at higher concentration range wher
multimers were formed as a result of H bond assiocia

Therefore, totally four peaks were used to decamedhe given wavenumber area
(3000-3650 crif) and the selected deconvolutuion results and pba&rbance profiles of

a, B, v, ands peaks were shown in figure 3.16 and 3.17 respalgtiv
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It was noteworthy that the intensity @andp peaks hit a plateau and started to decrease
as the concentration got higher. This trend was#mee phenomenon found in the
dilution experiment of NmA for self association &y which indicated that this
phenomenon is ubiquitous in the self associatioim@hydrogen bonding and is strongly
related with the phase behavior.

Coggeshall and Saier model was also applied to himemonomer behavior.

Equations of (3.10) and (3.11) was used to fitdam as it was used for elucidating NmA
self associations. First, concentration profildreé monomer could be obtained via Beer-
Lambert’s law shown in equation (3.12), where, and | were extinction coefficient,
concentration, and path length respectively.

Absrobance = €-c-1 (3.12)

Extinction coefficient of free monomer could beeatetined by extrapolating the fitting
curve in [Absorbance]/[path length] versus [concatiin] plot at a high dilution range

by using the relationship of equation (3.13)

Absorbance

(3.13)

e = lim._, -~
Then, K, which was dimerization equilibrium constant valwas also evaluated at a
high dilution range by extrapolating the fittinguadgion in the plot of versus total

dilution concentration with the relationship shoiwr(3.14).
1 .
== lim._, |yl (3.14)
1
With the fixed value of K multimerization equilibrium constant,Kvas optimized using

the equations (3.10), and (3.11) of CoggeshallZaidr model for the 16 low

concentration data points by fminsearch routin®l@iLab software. Figure 3.18 showed
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the fitting result of free monomer of isopropanoldCl,. It seemed that the model could
fit the monomer data to the maximum concentratialoi®, which also indicated that the
equilibrium equation was only valid in a single pbavhere monomers were dominant.
Optimized K and K values were 1.33 and 2.75 | nipivhich were reasonably agreed
with the reported equilibrium constant values fitvamol in CCJ,(0.76 and 2.57 at 4Q)

[26] and phenol in CGI(1.09 and 2.74 at room temperature) [43].

2(z;)
K
Ke=—— o D (3.10)
fmC K_1_5+(K_1+T) ]
2(fm)*C
= — 3.11
(1~fm) (3.11)
0.4 T T
0.35F B
= o3 1 :
£ ’,f”
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Figure 3.18 Free monomer concentration profile dinter and multimer formation
equilibrium model fitting results for isopropanoitivCoggeshall-Saier model
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Based on Coggeshall and Saier, number and weiggttidns could be described by
equation (3.15) and (3.16), wherg K1, K> and C were monomer fraction, dimerization
equilibrium constant and multimerization equilibricconstant and total concentration

respectively.

number fraction N; = f,, % (Kpfn €)1 (3.15)
2

weight fraction W; = ify, % (KyfinC)1 (3.16)
2

Dividing by total number and total weight showrequations of (3.17) and (3.18) from
equations (3.15) and (3.16), normalized numbervegidht fraction distribution could be

derived.

To obtain total number and weight fraction, segggansion equatiof,>, p‘ = ﬁ was

utilized.
o N g K1

224N = fi T (3.17)
I _ Ky 1

Zi=1 Wi - fm K, (1_K2f1c)2 (318)

The normalized chain length (number) distribution anolecular weight distribution
from Coggeshall and Saier model was shown in figui®. It was noted from the
distribution that long chain associated multimersrdlO chain length were rarely formed

in the self association system.
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Painter et al further modified Coggeshall and Sanedel and utilized dimensionless
equilibrium constants by introducing molar voluramce Coggeshall and Saier model
showed poor estimation @fin the equation (3.14) at highly diluted concetibrarange
since the denominatof] — f,;,) in the equation (3.11) approached to zero valuneghly
diluted solution and this made a large error omedton of K; value.

Modified equilibrium constant used in Painter’s rabid shown in equation (3.19).

K, = 120K (3.19)

Vg
where, \§ and K equal to the molar volume of self associating Egeand equilibrium
constant obtained from Coggeshall and Saier madglectively[44, 45].
Simple association model was used here. As CogljestthSaier demonstrated,
dimerization (k) and multimerization (k=K3=K,=-*) could provide a good association

equilibrium for alcohol self association system.

K
B, + B, &B, (3.20)
K
B, + B,_, S B, (3.21)

Coleman et al set up an equation (3.22) for freaaneer as a function of equilibrium
constant and volume fraction of associating speuibgref,{", ®g, ®g; are free
monomer fraction, volume fraction of B and volumaction of free monomer

respectively [44].

o= (- )+ 2 () 5.22)

With fixed K; value obtained from equation (3.11), OptimizatdiKg was performed

using least square routine in MatLab. Fitting resws shown in Figure 3.20 and
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obtained dimensionless,Knd ks was 17.42 (1.33 in L md) and 36.48 (2.19 in L mol

b,
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Figure 3.20 Free monomer fraction profile and Raiatmodel fitting result for
isopropanol self association

The main concept of both Coggeshall and Saier’'sahad Painter's model were the
formation of dimers and chain-like multimers frorad monomers. Their model could
not satisfactorily describe the actual associgbeaks ok, 3, y, andd shown in the
association system but could give a general idatctmain-like multimer formation
would be dominant at higher concentration arigpoe OH could also be abundant in the

spectra at the high concentration as a result dfirmer domination in the system.
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To directly quantify OH types found in the spectat kinds of multimers with n-chains
as well as monomers and dimers should be keptitrgelsing series of equilibrium

kinetic equations shown in from (3.23) to (3.27)

K1 kIr
Bl + Bl (—4 Bz Kl = kl— (323)
K, k;
Bl + BZ (—4 Bg Kz = kz— (324)
B, + B & B, K=k2+/_ >3 (3.25)
1 Ji j+1 2 k3 = .
B, + B; S B; K="5/_ > 2 (3.26)
2 j j+2 3 k; ] =2 .
B,+B B, K =k;/_ >3 (3.27)
i j i+j 3 k3 ] =2 .

By tracing all the association species, one counld the actual number of, B, y, andd

OH groups in the system and these numbers coutiirbéetly compared with the
absorbance of each OH groups in the experimenégkisp

As shown in figure 3.14 of OH type classificatiarthematics, only free monomer
contains single. bond. A dimer has orfeand oney bond and a trimer contains sin@le

v, andd peak.. In general expression, i-met3) has singlg, y bond and (i-2p bond.
Using this relationship, each OH type concentrationld be obtained by calculation of
n-mer with single polymerization equilibrium const§46].

Reversible polymerization kinetic equation withgdenequilibrium constant shown in the

equation (3.28), could be modified as W=1 to appé/equation to the system of interest.
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X k
The momentum equation for the kinetic expressiothefequation (3.28) was as follows.

d '
=0 = —kpg + k' (u1 — o) (3.29)

Whereu,; andy, are defined by momentum distribution

U1 = Xi241[Bi] = [B]lo(1 — p), p=conversion (3.30)

Ho = Xi21 i[Bi]l = [Blo (3.31)

By putting%:o at equilibrium condition with the equilibriummstant,K = k/k,,
solving the equation (3.29) gives a quadratic équgB.32),

K[Blo(1-p)>—p=0 (3.32)

By equilibrium distribution of Flory and Schultzzsgument (3.33), individual n-mer

concentration could be calculated as a functiod ahd total concentratiofB],as

shown below.

[Bi] = [Blo(1 - p)?p'~* (3.33)
Monomer:[B,] = [B]o(1 — p)? = g (3.34)
Dimer:  [B,] = [Blo(1 -~ p)%p =& (3.35)
Trimer:  [B] = [Blo(1 —p)?p? =L (3.36)
n-mer:  [By] = [Blo(1 —p)*p" " = % (3.37)

Once single equilibrium constant K was determiradxsorbance af, B, y, ands peak
could be fitted by using n-mer concentration—OHkptyae relationship described above.
Optimized K value through the first seven data oot iPA-CC}, system was 2.18 L

mol ™, which was similar to the &value obtained from Painter’'s model (2.19 L Hol
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The absorbance of 4 OH types could be rewrittem fasiction of extinction coefficient

and n-mer concentration which were shown below resh@ an extinction coefficient.

a = & [B] (3.38)
B = & XiZ,[Bi (3.39)
Y = &3 2iza[Bi] (3.40)
8 = e, XiZ4(i = 2)[Bi] (3.41)

Using series expansions, the analytical solutioabsforbance profile in terms of the

extinction coefficient, K and conversiog pould be obtained.

a= %pB (3.42)
B=2(—1-ps) (3.43)
y=2(5—1-7s) (3.44)
5= %((1j’:B)Z - ﬁ +pp —psd + z) (3.45)

Figure 3.21 showed the fitting results of the abaace profiles of 4 OH types. The
equilibrium constant measured with 7 data pointswatconcentration range could
provide good estimation of each type of hydrogendioog absorbance of OH up to 12
data points (1.26 mol'). However, similar to NmA self association anasyshe analysis
provided overestimation of the absorbance probleall OH types at high isopropanol
concentration range (1.27-13.08 md).|Especially for the free monomer species, the
model could not describe decreasing trends inliserdance of andp peaks but only
provided a saturated trend, which was also figaugtdn NmA self association analysis.
Therefore it would be concluded that phase traorsitind aggregation of small sized

clusters to large sized cluster might reduce theahciumber of proton donor for
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hydrogen bondormationincluding free monomer speciasdndp) as well as hydroge
bond acceptor specieg (The reduction of number oéactive donor and accepi
speciedurther results in a decrease of associated spéi ) so that the actual peak
could beunderestimated at higher concentratiThe optimized extinction coefficient «
B,y andd were 533, 646 and 72541 mol™ mm* respectivelyWhen they wer:
compared with the fixed extinction coefficientiopeak obtained from tfequation
(3.13), the extinction coefficient gfandd showed factors of 4 and 30 greater than th
a peak. It was reported that the extinction coeffits ofy ands peaks were larger th:
those ofa andp peaks [Z] and the extinction coefficient values optimizeztdare

agreed with the reported fa

Absrobance Profiles

10 ‘ L
0

5 10 15

IPA Concentration, mol !

Figure 3.21Absorbance data fitting with single equilibrium stent:a (squar),
(diamond),y (circle), ands (x)
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Number averaged molecular weight (MY\and weight averaged molecular weight
(MWy) were compared as a function of isopropanol camagaon in figure 3.22. Based
on the molecular weight distributions, polydispgrémndex (PDI) could be obtained by
equation (3.46).

MWy

pp] = XYn (3.46)

MWy,
Under the assumption of up to 10-mer existenceptigdispersity index (PDI) varied
from 1.1 to 1.5, which meant that at a very dilusetution, it behaved like a mono
dispersed solution because only monomer existéueisolution and as the system got
more concentrated, the PDI reached to 1.5. Thiexradiso indicated that even at
concentrated system, association provided relgtivairower distribution of molecular
weight of the associated species than polymerienads$ provided, whose PDI varied

from 2 to 10.
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Figure 3.22 Mlecular weight distributions and its polspersity indexas a function o
isopropanol concentrati

The chain length distribution and molecular weidistribution as a function of cha
length, i, could also be obtainby modifying Flory-Schultz distribution in equatiol
(3.33).

Geometric chai length distribution could be obtained with theglie equation (37)
N; = [B]o(1 - p)*p'™ (3.47)

By taking summation of ;,

N=32,N=[Blo(1-p)? X p" " =[Blo(1-p) (3.48)
Therefore, normalized chain length (hnumber) distidn could beobtained by
takingV;/N,

N;/N = (1 —p)p"™ (3.49)
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Geometric molecular weight distribution had a sien@lationship with Flory-Schultz‘s
distribution as shown in equation (3.50).

W; = i[Blo(1 - p)*p'™* (3.50)

By taking a summation d#/;,

W =2, W, =[B]l,(1- p)? Dis1 ipi_l (3.51)

1 1

YR, iptt = ;7(2?21 pi) = %(ﬁ - 1) =0 (3.52)

The normalized molecular weight distribution cobklderived as shown in equation
(3.53).

== i(1-p)Ppit (3.53)
Normalized chain length and molecular weight disttion of isopropanol-CGlsystem
was shown in figure 3.23. Three data points wepseh, whose isopropanol
concentrations were 0.087, 0.397, and 1.258 thoé$pectively. The conversions of
monomer, p, were 0.14, 0.36 and 0.55. It was nfvted the comparison of normalized
distribution with those obtained from Coggeshalieanodel that, in both models that
association of high number of hydrogen bondingrcigaeater than 10 was seldom
occurring at a given concentration range. CoggéSaér model predicted smaller
existence of dimer than Flory-Schultz model sinog@eshall-Saier model has smaller
dimerization equilibrium constant. Noting that mbgesdiction of monomer
concentration had a deviation from 1.258 moldilution concentration data point, as
shown in figure 3.18, it could be concluded that deviation from the model prediction

of monomer behavior might be due to high numbemcfaamation and this high chain
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association could coincide with phase transitioniclv was suspected as a reason of

monomer concentration decrease at higher conciEmtnange.
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3.3.2 Intermolecular (hetero) Association of isopropanol

Intermolecular associations (or hetero associatbhydroxyl group in isopropanol with
various hydrogen bonding acceptors were also exainifoluene, Epoxybutane,
Triethylamine and Dipropylether were used as hydnogonding acceptors afbond,
epoxide, tertiary amine, and ether groups respalgtil wt. % of isopropanol was mixed
with these hydrogen bonding acceptor species, wbmseentration range varied from
0.5 wt.% to 40wt.% dissolved in CLFigure 3.24 showed a intermolecular association
of OH groups. It was noted that even 1 wt. % opispanol (about 0.2 mol) had self
associations in the system and the self associatjaiibrium competed with
intermolecular (hetero) associations. This comjoetitvas observed in all systems, the
self association peak intensities decreased widgeak intensity of hetero association
peak increased as hydrogen bonding acceptor speeresadded to the system. Painter’s
model was first used to evaluate intermoleculao@sasion with hydrogen bonding

acceptors first and then it was compared with mediFlory-Schultz’'s model.
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Wavenumber, cm”

Figure 3.24sopropanoassociations with various hydrogen bondacceptors

Wavenumber, em™

Five peaks were chosen for spectral deconvolua, 8, y, 6 OH peaks and or
intermolecular association peak. Figur25 showed selected deconvolution resul
each system and the peak positions of deconvohdakls were summarized in te 3.7.
It was reported that the hydrogen bonding energy pvaportional ta\v, (V¢ —
Vassociatea)- 1N this perspective, the hydrogen bonding emsrgif given systems show

in an order of Amine > OH > Epoxide > ethett bond.
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Figure 3.255elected deconvolution results of isoprop-H bond accept-CCl, ternary
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Wavenumber, crm”

Table 3.7Comparison of Associated peak positions of isopnopternary system wit
self-associated peak positi

- IPA-Toluene- IPAEB-  IPA-DPE- IPA-TEA-
ree IPA-CCl,
monomer CCl, CCl, CCl, il ©) CCl,
cm™ cm™ cm® : cmt
Peak
position 3627 3576 (51) 3536 (91) 3546 (81) 3478 (149 3378 (249)
(Av)

Coleman and Paintadded a simple intermolecular association equiliarkinetic

equation (3.4)Lto the self association equilibrium equation$320) and (321) [48, 49.].
K3
B, + B, B, (3.20)

K
B, + B, , S B, (3.21)
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B,+A $B.A (3.54)
Where A and B are hydrogen bonding acceptor andrdgpecies

The volume fractions of hydrogen bond donor aneéptar could be given as follows
Dy =Dy + KyPy1 P11 (3.55)

®p = Oyl [1 + KA‘D’“] (3.56)
Where,®,,, @5,and r are volume fractions of free A and B groupthe system and

molar volume ratio, ¥Y/Vg respectively.

I; andr;, are given by

n=[1-gl+ & lamen (3.57)

2= [1 B ] t s [(1 KB<1>31)2] (3.58)

K, and Kz could be obtained from previous analysis for ispanol self association with
dimensionless equilibrium constants of 17.42 and&e@espectively.
With given K; and K values, free monomer fraction in the ternary systeuld be

obtained using the equations through (3.55) — {3.58

on =2 [ (14 &)}‘1 (3.59)

r(1+K4®p111)
Figure 3.26 showed the fitting result £f* throughout hydrogen bonding acceptor
concentrations. The equilibrium constants were mswder of Amine > OH > Epoxide >

ether >r bond.
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Figure 3.26Free monomer fractions in il-H bond acceptor-Cglernary systems ar
data fitting result using Painter's moc

Association with external hydrogibonding acceptospecies was also modeled w
reversible polymerization kinetics wifa singleequilibrium constant proposed by Flc-
Schultz model [46].The simplest assumption could be that both selfiatea
association$ollowed Flory-Schultz distibution. Under this assumption, the absorbe
data obtained from IR spectra could be fitted asftions of | and p which were

conversion by self association and intermolecusapaiation respective

[B,] =2 (3.60)
[B,A] = 24 (3.61)

Ka
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Figure 3.26showed intermolecular association ~-mer with an association species, A

was noted from the schematic that the associatetlespalso hasome of th spectral

origins which were same as shown in the self aaoal,y andd peakso andp peaks

did not exist in the form of association speciesasithere is no unbound proton dono

the structure.

BA

VY BA

——

monomer (Q-H - dimer O

A

“H--O-H- A

o

[ —]

>

-

~0

Figure 327 Schematics of intermolecular association

From theassumptions of thequation (3.60) and (3.Rlthe absorbance af B, y ands

peaks could be written as a function g,

pa and the extinction coefficients of the pe:

asshown in the equation from (3. to (3.63).

a==
=% Ps

(3.62)
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P21 o6
§= (s~ ot PP+ 2 A pa—pAt +2)  (365)
BA =5 (ﬁ - 1) (3.66)

It was also noteworthy that the associated spedgtsmonomer had a hydrogen bond
whose donor was bound by species A and acceptoum@sund. With a strict
classification, this kind of bond was not BA bosihce, unlike other BA bonds found in
dimer and multimers, only this BA bond has an umtabdonor. However, the spectral
uniqueness of this type of BA bond was not foundnractual spectrum. Therefore, this
special bond type was included in a general claB\doond.

Concentrations of i-mer of self associated speamesj-mer of inter-asociated species
could be calculated by the equation (3.60) andl{3a@d the calculated peak absorbance
could be obtained by the relationship in betweemnvecsions for self and inter-
association and absorbance shown in the equatfdBs%6@) through (3.66). Equilibrium
constant for the self association was obtainedgresious section of isopropanol self

association and the value was 2.864 L ol

Kpa
B+4 B4 (3.66)

where,[B] = Y.72,[B;] and[BA] = }.;2,[B;A], respectively.
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Applying equations of (60) and (3.6)1Lprovided a relationship in between conversi
and self association equilibrium constaig and concentration of hydrogen bond

donor species, [B] as shown in equation (i7) .

Kz[Bl, = 1:‘;3 + 1% (3.67)

Conversion parameter optimization was conductedguéiunknown variables (extinctic
coefficients off, y, 6 and BA peaks) first and figure .8 showed peak fitting result «

four ternary system.

50 35
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Figure 3.28 Absdrance fitting result o, B, v, d and BA peaks in iP-H-bond acceptor-
CCl, ternary system with varying extinction coefficieofs, y, 6 and BA
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The optimized extinction coefficients pfy, 6 and BA peaks were listed and compared
with those obtained from the self association bie&.8.

Comparing with the extinction coefficients obtairfeaim the self association experiment
of isopropanol, those obtained from iPA-TolunenekG€rnary system showed the least
deviation. For the other systems, the extinctioeffoment ofy andé showed two orders

magnitude deviation from the self association ettom coefficients.

Table 3.8 Optimized extinction coefficients of hggen bond associating peaks

species\system iPAself- iPA-Toluene iPA-TEA iPA-EB iPA-DPE
Association

BA 25737.4 1045691.4 113783.2 395439.6

B 743.9 890.2 866.1 872.3 568.4

Y 6567.8 6347.3 10993.4 14013.3 3248.2

d 93977.9 108521.9 131014.8 210881.2 52710.9

Then the extinction coefficeints ff y andd peaks were fixed with the values obtained
from the self association experiment and convesswere obtained to see how the
extinction coefficients effect on the peak fittifiche fitting result was shown in figure
3.29. Fixed value of the extinction coefficientgip ands still provided good fit of
absorbance profiles but showed poor estimationpefak. However, it was concluded

that the extinction coefficient was insensitivehe peak fitting.
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Figure 3.29 Absorbae fitting result of, B, v, d and BA peaks in iP-H-bond acceptor-

CCl, ternary system with fixed extinction coefficientsfoy, 6 and BA

Validation of the model was conducted by comparistK;[B], and optimized value ¢

1’;‘; + % as shown in the equation (7) for each ternary system was summarize
—PB —PA

table 3.9and it indicated the model providanestimation of conversion withir5%

variation from the experimental valu
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Table 3.9 Optimized conversion comparison with expental value using equation

(3.61)

System  iPA-Toluene iPA-TEA iPA-EB iPA-DPE
Acceptor pb/(1-pb)+  Kb*[iPAO]  pb/(1-pb)+  Kb*[iPAO]  pb/(L-pb}+  Kb*[iPAO]  pb/(1-pb)+  Kb*[iPAO]
wt. % pa/(1-pa) pa/(1-pa) pa/(1-pa) pa/(1-pa)

0.5 0.683 0.731 0.639 0.762 0.668 0.741 0.699 0.782
1 0.6663 0.721 0.613 0.738 0.661 0.732 0.697 0.7792
3 0.6483 0.726 0.574 0.710 0.664 0.739 0.657 0.753
5 0.636 0.711 0.5844 0.711 0.662 0.725 0.627 0.716
7 0.643 0.721 0.5714 0.6961 0.6332 0.693 0.626 0.721
9 0.632 0.702 0.5634 0.668 0.6532 0.704 0.598 0.679
11 0.612 0.666 0.561 0.670 0.6252 0.671 0.601 0.680
13 0.606 0.670 0.562 0.658 0.6092 0.674 0.601 0.693
15 0.606 0.667 0.563 0.635 0.6132 0.662 0.572 0.669
20 0.587 0.646 0.563 0.606 0.5832 0.626 0.537 0.618
30 0.577 0.614 0.625 0.606

40 0.623 0.564

Equation for equilibrium constant of inter-associatcould also be obtained as shown in
equation (3.70) under the assumption of Flory-Sehdiktribution of equations (3.60)

and (3.61) with mass balance shown in the equatb(%.68) and (3.69).

[Blo = [B] + [AB] (3.68)
[A]o = [A] + [AB] (3.69)
Kup = (1;23) (:‘;A) <[A]0_L1(ﬂ)> (3.70)

The equilibrium constant values at every data pmneach ternary system were shown
in figure 3.30. The equilibrium constants seemdoy\systematically. The final

equilibrium constant of Kx could be obtained by taking average of the valiges
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figure 3.29%xcluding two largesvalues and two smallesalues and they were listed

table 3.10.
0.03 0.18
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!m :, e xﬁ ] ) .
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Figure 3.30 Inteassociation equilibrium constanga determination in ((a): iP-
Toluene-CCJ, (b): iPAEB-CCl,, (c): iPA-TEA-CCI, (d): iPA-DPECCI,)

Table 310 Averaged inter-ssociation equilibrium constai

System iPAToluene

iPA-TEA

iPA-EB iPA-DPE

Kga 0.022

0. 099 0.017

Finally,conversion could be obatined with fixed age value of int-associatior
equilibium constanfor each sytem. Given values of [B] [A]o, Kg and Kga, the inter-

association conversiopa could be calculatefirst by solving a quadratic equation frc
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equations of (3.67) and (3.70) followed by the gkdtion of g with equation (3.67). The
results were compared with those obtained fromrdlaswe profiles with varying g as
shown in figure 3.31. Blue and red dots indicatedversion values obtained from
optimization process of g by minizing error ob;([Absorbance;|measurea —
[Absorbance;] .qicuiateq)?. CONVeErsion values directly calculated from thiéiah
concentrations and fixed equilibrium constants wersolid lines. It was noted that inter-
association conversion had relatively little digerecy when it is compared with self
association conversion, which indicated that tiseiamption of Flory-Schultz provided
good reproducibility on inter-association but itgp#or inaccuracy of self association
conversion. Calculated conversion values from Albaoce data with varyingdsand

concentration data with fixedg& were listed in table 3.11.

Table 3.11 Conversions and input concentrationssfipropanol-Toluene-C¢bystem

[(PA]o [Toluene} ps with pa with ps with pa with
varying Ksa ~ varying Ksa  fixed Kga fixed Kga

0.2553 0.0684 0.4054 0.0008 0.4220 0.001
0.2516 0.1571 0.3992 0.0018 0.4180 0.0025
0.2535 0.5238 0.3921 0.0033 0.4179 0.0081
0.2485 0.8737 0.3844 0.0112 0.4112 0.0131
0.2519 1.1509 0.3865 0.0129 0.4130 0.0173
0.2450 1.4428 0.3802 0.0183 0.4049 0.0209
0.2324 1.6895 0.3701 0.0235 0.3909 0.0231
0.2339 1.9434 0.3662 0.0278 0.3913 0.0265
0.2329 2.3426 0.3638 0.0327 0.3882 0.0314
0.2256 2.8817 0.3525 0.0407 0.3780 0.0368

0.2145 4.0594 0.3429 0.0519 0.3608 0.0476
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Table 3.12 Conversions and input concentrationssfipropanol-TEA-CGlsystem

[iPA], [TEA], Ps With Pa With Ps With Pa With
varying Ksa  varying Kga  fixed Kga fixed Kga
0.2663 0.0723 0.3892 0.0026 0.4321 0.0017
0.2579 0.1636 0.3782 0.0052 0.4236 0.0037
0.2483 0.4609 0.3602 0.0105 0.4122 0.0098
0.2484 0.7296 0.3629 0.0143 0.4104 0.0153
0.2434 0.9972 0.3562 0.0176 0.4035 0.0202
0.2335 1.2579 0.3526 0.0181 0.3918 0.0242
0.2344 1.5083 0.3507 0.0201 0.3909 0.0287
0.2300 1.7456 0.3505 0.0214 0.3848 0.0323
0.2219 1.9777 0.3514 0.0207 0.3747 0.0350
0.2117 2.5170 0.3511 0.0212 0.3602 0.0415

Table 3.13 Conversions and input concentrationssfiggropanol-EB-CGlsystem

[(PA]o [EB]o pe With pa With ps With pa With
varying Ksa  varying Kga  fixed Kga fixed Kga

0.2588 0.1143 0.4107 0.0027 0.4385 0.000
0.2557 0.2157 0.4095 0.0034 0.4375 0.0019
0.2581 0.6279 0.3941 0.0063 0.4276 0.0056
0.2532 1.0394 0.3819 0.0086 0.4141 0.0089
0.2419 1.4443 0.3808 0.0111 0.4146 0.0127
0.2458 1.8154 0.3694 0.0122 0.3987 0.0153
0.2343 2.1769 0.3699 0.0135 0.3984 0.0176
0.2352 2.5340 0.3696 0.0146 0.4025 0.0195
0.2311 2.9126 0.3573 0.0158 0.3929 0.0213
0.2187 3.6901 0.3412 0.0182 0.3719 0.0249
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Table 3.14 Conversions and input concentrationssfipropanol-DPE-CGlsystem

[iPATo [DPE} Pe With Pa With P With Pa With
varying Kep, ~ varying Kga  fixed Kga fixed Kga

0.2729 0.0580 0.4104 0.0027 0.4385 0.0008
0.2723 0.1482 0.4095 0.0034 0.4375 0.0019
0.2628 0.4433 0.3941 0.0063 0.4276 0.0056
0.2499 0.7465 0.3819 0.0086 0.4141 0.0090
0.2517 1.0569 0.3808 0.0111 0.4146 0.0127
0.2369 1.3622 0.3694 0.0122 0.3987 0.0153
0.2375 1.5781 0.3699 0.0135 0.3984 0.0176
0.2421 1.7196 0.3696 0.0146 0.4025 0.0195
0.2335 1.9569 0.3573 0.0158 0.3929 0.0213

0.2158 2.5202 0.341 0.0182 0.3719 0.0250
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Figure 3.31Comparison of self association conversicg) with inter-associatio (pa)
conversion (dotted: conversion obtained by varHiga, solid line: conversion with fixe
average I§a)

In this chapter, selfand inte-association of amine and hydroxyl groups w
investigated. In the self association analysisathlamine and tdroxyl group, monome
concentration hit the maximum concentration poidt ahowed concentration drop in
less diluted (high concentration region). It seeried phase transition occurred as i
amine or hydroxyl group tool part in the associatie«ction andit was found thacurrent
equilibrium model could not cover the whole rangéitution concentratior

For N-methylanilingNmA), multiple hydrogen bonding associations were susplefctr

self associationlue to the existence of amine electroir andz bond. Therefore, int-
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associations with amine electron pair arnobnd as well as ether and epoxide, which
were the existing component in the actual amine<gpare system, were investigated
first using simple equilibrium kinetics. The optaed equilibrium constant values for
each ternary (NmA-hydrogen bonding acceptorA&fstem could be used to estimate
the hydrogen bonding peak in 4-component systemAfrhydrogen bonding
acceptors-C@G). Finally, self association equilibrium of NmA wamvestigated and its
free monomer behavior could be modeled by CoggkahdlSaier model.

Hydroxyl group had more complex hydrogen bondingildzrium than amine group had.
Spectroscopic evidence indicated that there weeetkinds of self-associated peak in
isopropanolf, y ands peaks as well as free monomer peakCoggeshall and Saier
model could be used to fit the monomer concentnadata from the self association of
isopropanol-CCJsystem and their equilibrium constants were wgiead with literature
values. In addition to fitting the monomer concahtmn, in this study, estimation of self
associated peaks pfy ands were performed using single equilibrium constaoirf
Flory-Schultz’s distribution model. The optimizegludibrium constant was only valid at
the diluted concentration range, which was showseihassociation of NmA. Inter-
associations of hydroxyl group with various hydnodg@nding acceptors were
investigated. From the infrared spectra, it wasitbthat isopropanol formed both self
association and inter-association in the ternasyesy with less than 1 wt. % of
isopropanol. Therefore, it was assumed that beifh @nd inter-association species
followed Flory-Schultz distribution and the conversof both associations were
obtained by fitting hydrogen bonding peaks in thectra of ternary systems and finally

the inter-association equilibrium constant couldb&ined.



94

CHAPTER 4.EPOXY AMINE CURE

Epoxy resin cure with amine was monitored via coie@al FT-IR method, Near IR.
Near IR analysis has been employed for the epoxgeanure reaction since 1960’s
mainly because the overtone and the combinaticaad$were well separated [1-5, 52-
54, 56-59]. Another reason why near IR method leenlutilized was that the essential
vibrational modes of chemical species such as kytirprimary amine and epoxide
groups could be found in near-IR region. Howeverace assignment of the peaks around
the target epoxide peak is not possible and thdap@ng of the primary amine and the
secondary amine peaks made the analysis inaccurate.

Here in this chapter, near-IR analysis method vea®opmed for Phenylglycidylether and
N-methylaniline to understand the basic epoxy-ansume chemistry and application of
peak deconvolution method.

Additionally, various side products formed duriing tcure reaction were verified using

LC/MS analyzer with UV detector.
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4.1 In-situ Monitoring ofEpoxy Cure with Amine Near IR Analysi

Stoichiometric amount of jenylglycidylether (PGE) and Rethylaniline (NmA) werc¢
mixed at room temperature. Then the sample mixt@a® contained in between qua
window assembly with 0.1mmick lead oring. Transmission mode was utilized
obtain a series of ne#R specta. The spectral resolution was 4 tand number of sce
for a single spectrum we32. Figure 4.1 shows a series of spedtrang the reaction ¢

80°C for 15hours. Peakssignment has been performed from the reporteasdl, 52,

55).
| 02
, |
5 041
<
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w
-
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| o0
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Wavenumber {cm1)

Figure 4.1Series of Ne«IR spectra obtained during the reaction of PGE Mmd at
80°C for 24 hours
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Extinction coefficients of epoxide, amine and hydidayroups were obtained to convert
the absorbance information to concentration prefikear-IR spectra of the samples with
three different thicknesses (0.1, 0.2, and 0.3merewaken and the extinction
coefficients were calculated by Beer-Lambert’s Ewwn in equation (4.1) where
A=absorbance;=extinction coefficient, b=path length, and c= centcation.

A=¢-b-c (4.1)

Figure 4.2 showed the extinction coefficient cadtian procedure. Peaks at 4527 ¢m
6695 cnt and 7000 cim were chosen for epoxide, amine and hydroxyl groegks
respectively. The calculated extinction coefficigalues were summarized in table 4.1.
Based on the absorbance evolutions from the dedatnmo process and the calculated
extinction coefficients, concentration profilesegfoxy, amine and hydroxyl group could
be obtained from a series of near-IR spectra assihofigure 4.3. It was found that the
epoxide and amine groups were consumed duringetietion and, at the same time,
hydroxyl group was developed. However, the colléctencentration profile showed
unstable development and moreover, mass balarammiok-hydroxyl groups or epoxide-
hydroxyl groups were not reasonable. The unstadreentration profile and
unreasonable mass balance reflected the facttbateconvolution process became
inaccurate without an aid of exact peak assignnmewas also note that the baseline
correction method applied to the near-IR spectramgd good enough to provide
accurate spectral information because it was dilffio select the proper wavenumber

area where no vibrational band was assigned.
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near-IR analysis
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Table 4.1 Calculated extinction coefficient values

Species Extinction coefficient, cig™
Epoxide 3229.41
Amine 2300.44
Hydroxyl 2473.56

4.2 Byproduct Analysis via LC-MS

It was reported that side reaction of etherificatb@curs in the amine epoxy cure system
with high temeperature and excess epoxide condiliba ether bond is produced with
the reaction of epoxide with hydroxyl group andthiight affect on the cure mechanism
and alter the physical properties of cured mat¢s@58]. Therefore, it is important to
examine the side reaction product in amine-epoxg system. LC/MS was used to
estimate the chemical structures of reaction inéeliates. The same mobile phases with
the same gradient schedule was used and the detecvelength was 292 nm. LC/MS
analyses utilized electrospray ionizatiob (EShamnAgilent 6320 lon Trap (Agilent Labs,
Santa Clara, CA) mass spectrometer. The capabditpge was set a 2.5kV with a
capillary current of approximately 4nA. The nebalipressure was set at 5psi and the
drying gas flow at 5 liters/min. The drying gas fmmature was set as 2&0and the
vaporizing temeperature at T80

Input amount of PGE was doubled and the reactiopégature was elevated to 230

and the total cure time was set to 60 hours toditgéhe side reactions. Figure 4.4
showed comparison of HPLC results of the samplectat severe condition with that at

mild cure condition. It was found that more thansife product peaks were identified as
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a result of elavated cure temperature and more wipgpoxide species. Major peaks
side products were assigned with the evidence rdxdadrom the LC/MS analysis as w
as UV spectrum of the pe oltained from UV detector connected to HF. From the
sample obtained from PGE+NmA at°C for 6 hours, peaks at elution time of 1.2,
and 8.1 min were assigned to NmA, PGE and a prdduct of PGE and Nm/
respectively. 4 peaks were formed after 6 hwre and this peaks were also found in

sample with extreme condition of ct
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Figure 44 Comparison of HPLC results
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First of all, concentration profiles of PGE, NmAdaa reaction product, named PN, were
obtained by applying the extinction coefficientezch material. Figure 4.5 showed that
NmA species were completely depeleted in 1.5 hdéwuece and concentrations of both
PGE and PN were decreased even after the depletibimA species, which indicated
that side reactions were proceeded after the cdioplef regular cure reaction. PGE
concentration showed more decrease than that of @M, this revealed that PGE
participated in the various side reactions as aslltypical etherification reaction. By
comparing with PGE concentration, the total amairside reaction took about 30% as a

result of cure at 13C for 60 hours.
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Figure 4.5 Concentration profiles of PGE, NmA amdfBr 200% PGE+NmA cured at
130°C for 60 hours set

Figure 4.6 showed peak evoltions of major peaksidé products in order of peak

intensity (absorbance). Totally 11 peaks including ether peaks were investigated here
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because the sum of the peak areas of these 11 wea&s83% of the entire area of side
reaction peaks. Among them, peaks at the elutiowe tof 24.7 and 25.5 mins were
identified as etherified species. LC/MS analysidicated that the mass of the peaks
were both 408 (407+1), which is the combinatiomgfroduct, PN (257) and PGE (150).
UV spectrum of the peaks also supported that tleenadal structure of the peaks were
similar to the product form , PN. Moreover, pealolation behavior revealed that the
chemical speices invoved with these peaks wereanmesult of one step reaction in that
the reaction started after 2 hours. These two peeks indentified as diastereocisomers
due to their same mass and clearly showed equélabiidy of formation from their
evolution behavior.

There was another possibility of etherificatiorL@tminutes of elution time with the mass
of 408, but peak evolution behavior showed thatdiemical species of the peak was a
result of one step reaction. This peak showed #meesevolution pattern with PN and
from this, it was estimated that this reaction wekated with regular NmA-epoxide
reaction, not with PGE but with an impurity epoxgfeecies, such as epoxy dimer.

Peak with mass of 272 (elution time of 13.4 minuég0 showed one step reaction
behavior and UV analysis of the peak showed theesasma product form of PGE-NmA.
Therefore, it was postulated that this peak was pheduct form of NmA with
Cresylglycidylether, which was methylated form oGP whose mass is 164. The
chemical structures of postulated epoxy dimer anesyglycidylether were shown in

figure 4.7.
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Peaks at the elution time of 1.5 minutes (mass3#) 3&and the elution time of 12
minutes (mass of 464) showed interesting UV absmrptharacteristiccomparing with
that of other peaks. The UV spectra were similah&t of PGE or phenol rather than-
amine cured epoxide structure, which had maximusoigdtion at 217 or 2. nm and
269.2nm. Therefore, mixture of PGE and phenol wasd at 9°C for ug to 120 hours to
compare the peaks of interest with the cure pradirom PGI-phenol reaction. Mor
than 10 peaks were formed as a result of 120 haner @f PGE with phenol at °C and
most of the peaks showed UV spectrum having maxinain218.3 and 262 nm
[supporting information]. Moreover, from HPLC ansily of PGI-phenol reaction, peal
at the elution time of 1.5in and 12.5nin were found, which strongly supported that
mass of 332 and 464 were from the reaction of ejgowiith hydroxyl group, ot amine
related. The peak evolution trends confirmed that assigned chemical species w
formed via more than two step reactions in thatpbak was recognized after 6 hout

cure.
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It was also noteworthy that two peaks with mas33f were evolved during the reacti
and it was found that they were tertiary amine ®rnom the reaction with PGEs wi
Aniline. PGEAniline system has been cured and the same HPIlalysis was done t
compare the peaks with the mass of 394 with tgraanine peaks, which were found
the same elution time in P(-Aniline system. Figure 4.8howed the comparison of t
UV spectra of the peaks at the elution time of 2@ 22 minutes btained from botl
200PN130C60hr and PA70Ch6hr experimental sets. Fhentomparison, it was foul
that the chemical structure of the peaks were ¢

The peak with a mass of 544 was verified as anrififee species of tertiary amir

species (mass of 39450) from both mass analysis and UV anal
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It was concluded that side reactions were much rosoreplex than a simple expect
etherification reaction of epoxide and hydroxyl gpaf little amount of impurities wer

included in the system.
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Figure 4.9C6mparison of UV spectra of 20min and Zémion p

In this section, various side products were interdlly produced ita condition of higer
epoxide concentration and elevated temperaturelwsither reaction time. Combition
of LC-MS and HPLC results revealed that there were mdeersactions ratheran
etherification if there we small amount ofimpurities in the reaction system. It was &
revealed that the hydroxyl group of produced mateauld be a reaction picipant for

a further side reaction and this might alter thggotal property of the material. Therefo
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it was conclude that setting up the optimal reactondition is critical to achieve desired

physical properties of cured material in real irtdakapplications
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CHAPTER 5.NON-POLYMERIC SYSTEM ANALYSIS

5.1 HPLC analysis of Non-polymeric Systems

High Performance Liquid Chromatography (HPLC) is #asiest way to obtain the
concentration profile of the reactants and the pcotdy column separation, even though
it is only applicable to the model system that bardissolved into proper HPLC solvent.
However, this analysis technique can validate tbeehproposed for describing cure
mechanism excluding any other effect, such as né&tfeomation. This will be the
theoretical starting point to model the cure bebref the desired epoxy cure system.

In this section, Concentration profiles of modebepcure system were provided by
HPLC method and proper kinetic modeling for thevantional epoxy-amine cure was
used to fit the concentration profile. Phenylglydether (PGE, 1,2-epoxy-3-
phenoxypropane, §El100,, 99%, sigma-Aldrich corp. M.W. 150.18 g/mol) wdssen

for the model epoxy species and N-methylanilingH¢BIH(CHs), 99%, Sigma Aldrich
corp. M.W. 107.15 g/mol) and Aniline §8sNH,, 99%, Sigma Aldrich corp. M.W. 93.13
g/mol) were chosen for monoamine and diamine syséspectively. PGE was mixed
with NmA or Aniline in the round neck flask withvgin stoichiometry. The mixture was
cured at various temperature (50, 70, 90, andQ@)i€ets in a heated silicone oil bath

with magnetic stirring. Samples were taken ouhefftask reactor at a desired time and
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contained in a refrigerat for a quick quenchintp prevent additional cu reaction. the

schematic of experimental apparatus is shown urdid.1.

Y

Water out
] Cooler
Waterin
—
Oil bath
—— Magnetic
stirrer
® ® Temp.
controller

Figure 5.1Schematic of experimental apparatus for a-epoxy reactio

For HPLC analysis, samp were diluted with Acetonitrile and tlemncentration of th
diluted solution waset to 2 m¢mi™.

Concentration profile was also produced via Highfétenance Liquid Chromatograpl
(HPLC) analysis of the same systeHPLC (Waters Corp.) witB00 pump, a 71
autosampler, a 996 photodiode ardetector, and a 410 differential refractomevas
used to track the intermediates during the curgagtion of PGE with NmA. Sunfire-
18 reverse phasmlumn (Waters Corp.) was emplo. Samples taken out of the reac
flask were diluted with Acetonile (HPLC grade, Sigma Aldrich Corp.) and analyzeu

HPLC. Acetonitrile and water containing 0.1 volune®b6 of Formic acid \as used as
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mobile phases and solvent gradient schedule wded@s shown in table 5.1. Injection
volume was 10 pl and flow rate was 1ml/min. All #pectra was obtained at 254nm of
the wave length and for UV analysis, wave lengtigeaof 200-400nm was utilized for
996 detector.

Kientic parameter optimization and solving diffetiahequiations were conducted at the

same time using MatLab subroutines of fminsearchae23s solver respectively.

Table 5.1 Gradient schedule for moving phase of GIPL

Time (min) Volumetric % of Acetonitrile Volumetri of water
0 40 60
30 70 30
60 100 0

5.1.1 Phenylglycidylether and Nmehtylaniline System Aisay

The extinction coefficients of the reactant malteriaere first measured using different
dilution concentrations of the starting materidl®GE and NmA.

For the reactants, extinction coefficients weredptermined from absorbance vs.
concentration plot. Determine the extinction caeéint of the reacted PGE-NmMA species,
PN was performed under the assumption of no s@eion, which meant that all the
reactants went to the product. NmA concentratios glesen for the mass balance
because epoxide might participate in the side i@aeind the side reaction could
overestimate the actual product concentration af Ad¢orbance vs. [NmAJ[NmA]

plots for various temperature with various stoichétry were obtained and the extinction



coefficients values were averaged. The averagetwaas 3.618xEJAbsorbance

I/mol].
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Xu et al. proposed termolecular formation mechanismPGE-NmA system [4]. The
proposed model explains well about tertiary amimemftion from the complex
formation of PGE and NmA. According to Xu’'s mod&dymolecular complexes were
made by two pathways, one is from an epoxide asetandary amine, and the other one
is from the epoxide and the hydroxyl group. Thehats tried to make the rate equation
simple by using the overall conversion. In thisteg various cure data of PGE with
NmA were fitted with Xu’'s model and the kinetic cbants were obtained by solving
series of elemental differential equations. TeytiAmine formation proceeded via two
types of complex formations, namedy@&nd Gpn Cpn Was formed by the association of
epoxide with secondary amine species angyGvas formed by the association of
epoxide with the hydroxyl group. termolecular coexplwas finally produced by
approaching of secondary amine speciesgodhd Gpyn It was found from the kinetic
theory that the formation of PN by the complex,@ominated at the initial stage of cure
simply because there was only small amount of hgdrgroup at the initial stage of the
reaction. As the reaction proceeded, more amouhyaifoxyl group was formed and this
made a shift to the second termolecular reactiah Gipn

Other possible termolecular complex formations vwadse investigated, i.e.\& or Gonn,
which were the complexes formed by two amine groopdy epoxide-amine-amine
respectively. However, they could not successfdigcribe the concentration evolution

of amine, epoxide and PN species.
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Figure 5.3 Brmation scheme of termolecular complexes py (left) and (epp (right)

K
k
Cow+N—> PN+N (5.2)
K
PN + P &8 Cop s Kppy = "PPN/k . (5.3)
k
Cppy + N 5PN + PN (5.4)

The series of differential equations were listedtigh equatiol(5.5) to (5.9

M = 2k [N + 2Ky [Cun]+ka [Cu]INT = K [Copy]IN] (5.5)
U2 — —kpn[NIIP] + k_pn[Con] = kppn[PNIIP] + k ppn [Copn] (5.6)
AN _ Je [Con V] = ppn [PNIIP] + e ppn[Copn] + 2o [Copy]IN]  (5.7)
SLen = ey [INIIP] — k_pw[Con] = k1 [Con]IN] (5.8)
e = Jeppn [PNIIP] = K ppn[Copn] = K2[Crpn][N] (5.9)

dt
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Kinetic parameters could be obtained for each SBGE-NmMA cure system witlvarious
cure temperature and it was possible to calcuteeactivation energy of tertiary ami
formation from those different temperature curead&0, 70, 90, and 1°C were chosen
as cure temperatures anadure 5.4 showed kinetic analysis of stoarnietric PGI-NmMA
system with different temperatures. The model shibgad optimized fitting for a
stoichiometry system and the optimized kinetic tamnits obtained from differel

temperature set of experiments were summariztable 5.2.
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Figure 5.4Kinetic analysis with equal stoichiometry systemecliat variou:
temperaturegamine: square, epoxide: diamond, PN: triar
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It was also found from table 5.2 that the kinetastant for the catalytic PN formation
(k2) is much larger than the kinetic constant forrba-catalytic constant {k which
indicated that the non-catalytic reaction is ongngicant at the initial stage of cure and

the overall reaction rate was determined by catatgiaction.

Table 5.2 Summary of kinetic parameters obtaineahfdifferent set of experiments.

Temp Ken K pn k Kppn K ppn k,
[I/mol*sec] [1/sec] [I/mol*sec] [I/mol*sec] [1/sec] [I/mol*sec]
50°C 0.0012 0.00008 0.0018 0.0052 0.0017 4.733
70°C 0.0011 0.00003 0.0169 0.0182 0.0220 10.928
90°C 0.0048 0.00002 0.1905 0.0794 0.1051 48.246
110°C 0.0033 0.00004 1.1231 0.3607 0.4651 101.731

The activation energies of PN formation could beawited from Arrhenius plot of In(k)
vs.1/T as shown in figure 5.5. From the logarithifioien of Arrhenius equationn(k) =
In(A) — E, /RT , where, A is pre-exponetial factor and R is gasstant, activation
energy (E) of the kinetic constant (k) could be obtaineddling slope of the equation.
The values of kand k were 112.189 and 54.946 KJ/mol respectively. Xal.et
calculated kinetic constants of PN formation fro@E2NmMA system via Near Infrared
analysis [9]. The authors reported the activatioergies from non catalytic and catalytic
reactions were 69.30 and 55.03 KJ/mol respectividig. activation energy from catalytic
reaction (k) had a reasonable agreement with the reportea \mltithat from kshowed

slight deviation from the reported value.



116

6
4 y =-6608.9x + 21.901
R?=0.982
2
—~ 0 &
=
£ 2 y =-13494x + 35.375
o k1 R? = 0.9985
k2
4 ¢
—Linear (k1)
6 —Linear (k2)
-8
0.0024 0.0026 0.0028 0.003 0.0032

1/T

Figure 5.5 Activation energy calculation of PN f@tion

5.1.2 Phenylglycidylether and Aniline System Analysis

Extinction coefficients of the reactant as welpasducts were obtained experimentally
by putting a single reactant in a mobile phase.tReistarting material, Aniline, samples
with different concentrations were analyzed via I@P?Based on the extinction

coefficients of the starting materials, the concatian profiles were made and from the
mass balance equation, extinction coefficientsemfoBdary and Tertiary Amine species

were estimated.
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For Secondary Amine, Concentration data of Anilirees chosen at the time span when
Secondary Amine species had their maximum absoebander the assumption that
majority of Aniline was converted to Secondary Amin

For Tertiary Amine, concentration profiles of Sedary Amine and PGE were both
utilized at relatively lower temperature of°8) where the side reactions such as
etherification and homopolymerization were negligitObtained values from different
experimental sets were averaged. Figure 5.6 shtveeelxtinction coefficient
determination plots of reaction participants andha extinction coefficients showed

over 99% of R square values.
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Termolecular model was also employed for PGE-Agikystem. This model contains to
complex, Ga and Gap Which show the autocatalytic behavior. In this mlpthere are
two pathways to form secondary amine and tertiarina species each, one fromaC

complex and the other fromggp

K
A+PECo, Koy = kPA/k_PA (5.10)
k1
Coa+A—> SA+A (5.11)
k
Coa+SA— TA+A (5.12)
K
SA+P &5 Copp , Kpp = kSAP/k_sAP (5.13)
k
Csap +A—> SA + SA (5.14)
k
Coup + A TA+ SA (5.15)

Termolecular model could successfully fit the cda¢a of PGE-Aniline system. Xu et al.
also proposed a model for PGE-Aniline system [4leyalso proposed that termolecular
complexes were introduced to produce secondary esmand tertiary amines in the
model. The major difference of the model in thisearch from Xu’s model was that the
hydroxyl groups were separated into secondary amghity amines in this analysis.

Another difference was that the equilibrium statenon-reactive complexes were not
considered here. However, the model could sucdbs$futhe cure data of PGE-Aniline

system. Figure 5.7 showed the model fitting resafitthe proposed termolecular

mechanism. Comparing with the fitting result of Xuhodel, this model showed a better
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estimation on the secondary amine evolution, bt bwodels showed poor estimation of
product concentrations at the later stage of cure.

The rate constant kand k were related with Secondary Amine formation apdakd lg
were related with Tertiary Amine formation. The ieation energies were 67.4, 50.9,
45.4, and 46.4 KJ/mol respectively. Among themirklicated that Tertiary Amine was
formed from the complex composed of Amine and EgpexHowever, at the later stage
of cure, when Tertiary Amine was formed, Complex A and Aniline is more
prominent than the complex of PGE and Aniline. Ef@re, the reaction was minor
comparing with another Tertiary Amine reaction)(k

From the literature, the activation energy of tee@dary Amine formation catalyzed by
Primary Amine was 72.3 KJ/mol and the activatioergy values of Secondary Amine
formation catalyzed by Hydroxyl group and Tertiakynine formation by Hydroxyl
group were 50.4 and 52.2 KJ/mol, which proved thatkinetic analysis was reasonable
[4].

The substitution effectpj, which is defined as a ratio of Tertiary aminenfation to
Secondary Amine formatiorp (=ks/ks) was 0.36 at R, which was close to the value

reported for the same system at the same tempe /@38 [5].
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Figure 5.7 Model fitting of PGE-Aniline system &°C (upper), 98C (middle) and
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Figure 5.8 Activation energy calculation for Secarny/dAmine and Tertiary Amine
formation

5.2 FT-IR Analysis of Phenylglycidylether and N-methwiline system

In section 5.1, HPLC analysis of phenylglycidyledtiwvith N-methylaniline and aniline
system was conducted and their kinetic analyse® waccessfully done. The kinetic

information obtained from HPLC analysis would bedigs a validation standard for the
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kinetic information from quantitative FT-IR methddgy. The overall FT-IR spectra for
the cure of PGE with NmA at 80 were shown in figure 5.9. In order to quantitalyv
analyze the spectra, the analysis will be processethree different regions, i.e. 3245 to

3670 cnt*, 770 to 900 cr, and 1250 to 1450 chrespectively in the following sections.

1.5+ -

Absorbance

O ' _v' . I i L - I V ‘ “ i
4000 3500 3000 2500 2000 1500 1000 500

W avenumber.cm™

Figure 5.9 FT-IR spectra of PGE-NmA isothermal catr8 C with baseline correction
via the detrending method. Lines are at the follmnimes: 0, 30, 60, 90, 120, 150, 180,
240, 300, 360, 450, 540, 720, 900, 1080, 1260 14d® mins

To determine the extinction coefficients of the geaf interest, FT-IR spectra of single
materials were taken with path lengths of 3, andiérons at temperature condition of

80°C, which was the reaction temperature of amine-gmystem. Elevated temperature

condition was required since the FT-IR spectrat lsmape was significantly affected by
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temperature. Aniline and NmA were selected to obthie extinction coefficients of
Amine group and PGE was chosen to obtain the ebsdmcoefficient of epoxide.
Subsequently, the results from the individual sgécegions will be unified in Section
5.2.2 and the FT-IR analysis of the PGE with Nmacten will be compared to the

HPLC results given in Section 5.1.

5.2.1 Amine and Hydroxyl Group Analysis

The evolution of FT-IR spectral area of 3200-3760'@uring the reaction of PEG with
NmA at 80C is shown in figure 5.10. During the reaction thisrthe decrease of a well
defined peak centered at 3417 tend the growth of broad peak between 3300 and 3600
cm’. Based upon the DFT analysis, it was confirmeti tbéh amine and hydroxyl

groups evolve in the 3245 to 3670 tmegion of the FT-IR spectra and by examining the
spectral line evolution, the peak at 3414’owas assigned to the amine N-H stretch
because the peak showed continuous decrease doeingaction.

Based upon the FT-IR analysis of N-methylanilink agsociation presented in Chapter 3,
the 3414 crit peak was composed of multiple inter hydrogen hoggieaks. For ease of
peak fitting, the multiple hydrogen bonding pealeyevtied with one asymmetric peak
with an asymmetric factor of 0.0124, where the peater ‘a’ was constrained in range
between 0.012 to 0.013 in fitting of the neat N-my&tniline peak. Using neat NmA
specimens with 3m and 5um path lengths, the extinction coefficient of th#3 cm®

amine peak was determined to be 1.09713orf)g.
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Figure 5.10 FTIR spectra of 21 PGE-NmA curing reaction at 8D where the spectrun
are for cure times fror@ to 24 hours every 30 mi

Although DFT calculations indicate only one hydrbggak in this spectriegion, the
growing broad peak clearly indicd that multiple peaks werequired to fit the dat:
Deconvolution of the experimeniFT-IR data was performed agsuming the presen
of 4 hydroxyl peaks in this region, where optimizati@taetmined the Ication of the4
hydroxyl peaks at 3578546 3478, and 3378 crhin addition to the amine peak tt
was fixed at 3416 cth The quantitative deconvolution of tFT-IR spectra in the 324
to 3670 cit spectral regioris shown in figure 5.11 for the selectection time, wher
the individual line shape parameters (as well adbtiunds on these parameters use
the fittingalgorithm) are given in Table3. If less than 4 hydroxyl peaks were use

poor fit of the FT-IRdata resulted, and usii5 or more hydroxyl peakdid not provide
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significant improvement in fitting the FT-IR dafBhe existence of multiple hydroxyl
group peaks was suspected as associations of hydp@mups with various hydrogen
bonding acceptors in the system as investigat&bpropanol association study in
Chapter 3. However, unlike amine peak in NmA, iswat possible to express multiple
associated peaks in one asymmetric factor bechesahrational bands of associated

hydroxyl group were much broader and stronger thahof amine group.
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Table 5.3 Constraints on amines and hydroxyl groups
OH at 3579cii  OH at 3546cm OH at 3478ct OH at 3378crit NH at 3416¢rit
Value(LB-UB)"  Value(LB-UB) Value(LB-UB) Value(LB-UB)
Value(LB-UB)

H 0.14(0-2.5) 0.16(0-2.5) 0.16(0-2.5) 0.1(0-1) 0-4)
m  0.012(0-0.1) 0.49(0-0.5) 0.01(0-0.1) 0.9(0.7-1) .8400.7-0.9)

Xo 3579(3575-3582) 3547(3540-3550) 3478(3470-3490) 78GE70-3380)  3414(3414-3420)
W 45(44-60) 65(60-70) 138(130-140) 210(200-220)  40244)

A N/A N/A N/A N/A 0.0124(0.012-

0.013)
TLB: lower bounds, UB:upper bounds

Figure 5.12 shows normalized line shapes of th@mesuted peaks divided by each
peak area at 3100 -3700 ¢mAll the deconvoluted peaks generally showed addme
shape consistency through the reaction. Howevergtlvere slight line shape changes
during the reaction for the peaks at 3478 and 338 and their shape changes seem to
have influence on their neighboring peaks. Theeefat was necessary to narrow
parameter set that governs the entire cure spé&aitained parameters for each spectrum
were averaged with weighted mean method shown uatean (5.16), and used as initial
guesses for the line fitting of the entire spesea

N s
%, = H=iWiki (5.16)

N
Zi:l wi

Narrowing the constraints could be performed uswegghted standard deviation method

shown in equation (5.17),
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N (xi—%)2
SD,, = |ZEWilkimtw)? (5.17)

(N,_1)21iV=1Wi
NI
Where, N’ andx, were number of nczero weight and weighted mean of
observations respective
Figure 5.13howed fitting resus of the series of spectra with the finalized paranseéts

and its error evaluation.

0 3579cm? 3416 cm?
0.025 1
3546 cm™

=
2 002+ .
@
B
= 0.015} .
£
S 3378 cm!

0.01

0.005

0

1

3700 3600 3500 3400 3300 3200 3100
Wavenumber,cm'1

Figure 5.12Peak line shapes for Hydroxyl groups and Amine grda) deconvolute
peak line shape evolution, and (b) normalized pie& shapes divided by peak aree
each peak line shape
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Figure 5.13 Comparison of real IR spectra (solicebwith synthesized peak line shapes
from deconvoluted peaks (red dot) and their demmeafat the bottom)

To assess the viability of the hydrogen bondingh@&smechanistic origin of the broad
peak between 3100 to 3600 ¢ni.9 wt% to 7.6 wt% of the fully cured PGE with Rm
reaction mixture (i.e. cured for 24 hours at@&ample) was diluted in C&lplaced in a
KBr cell for liquid purchased form New Era Entegailnc., and the FT-IR spectra was
measured. A comparison of IR spectra obtained fdioted samples with neat resin
product is shown in Figure 5.14, where the spedir& at 3600 cril significantly
sharpened with addition of solvent. Peaks at 3600 were proportional to the solution
concentration at high dilution range, indicatingttthe peaks were andf peaks of free

OH vibrations [24, 47, 59]. a and} denoted a vibrational peak of OH group in a free
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monomer and a free OH end group whose oxygen mel@zas bound by another prot
in an association. In contrast, the relative contion of the broad band decrea:
significantly with increasing dilution, which indited that those peaks wehe hydrogen

bonding associated hydroxyl grou

T T T T T T T T T

0.351 —— 24 hour cured PGE-NmA, 1.9% in CCl,
= 24 hour cured PGE-NmA, 4.4% in CClI
’ 4
03} a /B O H pea kS —— 24 hour cured PGE-NmA, 7.6% in CCl, | |
' l ===24 hour cured PGE-NmA, neat
0.25
9 02
C
©
2
@
2015
<C

0.1

0.05

0

| 1 | | | | | | |
3700 3650 3600 3550 3500 3450 3400 3350 3300 3250 3200
Wavenumber,cm-1

Figure 5.14Comparison of spectral line shape of neat resintap® with diluted resil
spectra

To clarify the existence of hydrogen bonding asstimns, association ydroxyl group
with various hydrogen bonding acceptors were tesiadisopr¢panol (IPA) dilution
experiment in Chapter Toluene, Dipropylether (DPE), and Triethylamine A)BEvere
chosen to represent ether, phenyl group and amideogen bonding acceyrs, which

were potential hydrogen bonding acceptors in -NmA system respectively. Tt
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positions of associated peak in isopropanol-H-bacckptor-CCl ternary system as well
as that of self association verified in IPA-GG{stem were listed and compared with the
deconvolution result of cured PGE-NmA sample speatn table 5.4. It was found from
IPA-CCl, binary system that IPA had a self association #red hydrogen bonding
vibration peak for the hydroxyl group of which batkygen and hydrogen were bound by
other hydroxyl groupsd(bond) was shown at 3345 ¢mit was also noted from ternary
system analysis that O-H---N associated band shimmgédrAv than O-H---O. Based on
the empirical relationship that the stretching &ton red shift is inversely proportional
to the hydrogen bond length of H---B in A-H---Bicture [38], the strength of hydrogen
bonding association of OH group was in an order teftiary amine>hydroxyl
group>ether>phenyl grouptfpond) and 4 deconvoluted peaks in PGE-NmMA system

could be assigned with same order.

Table 5.4 Associated peak positions of isoproptarolary system and comparison with
deconvoluted peak positions of cured PGE-NmA spettr

Systems g’éjo'“e”e' IPA-DPE-CCl  IPA-CCl, IPA-TEA-CC,
1 ,cm ,cm ,cm
,cm

Associated peak

positions
(deconvoluted peak 3595 (3576) 3494 (3546) 3345 (3478) 3229 (3378)
positions in PGE-

NmA)

Once amine concentration profile during the reacti@as established using the extinction
coefficient for the peak at 3416 Enthe extinction coefficient value for the hydroxyl

group peak at 3572 chwas determined using a mass balance, where omexyyd
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group is formed for each amine group that is coresijras shown in figure 5.15. Both the
amine and hydroxyl group concentration profilesdolagn the defined extinction
coefficients were shown in figure 5.15 along witle sum of the amine and hydroxyl

concentration which was constant withid.46%.
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Figure 5.15 Hydroxyl group extinction coefficiergtdrmined form a mass balance of
amine decrease
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Figure 5.16 Concentration profiling of amine andifoxyl groups

5.2.2 Epoxide Group Analysis

Frequency area of 800-1002 ¢was chosen for monitoring epoxide peak evolution.
Figure 5.16 shows simple comparison of single NFR&E, and a mixture of PGE-NmA
spectra in that wavenumber area as well as the @anadysis in between a mixture
spectrum and a spectral summation of single PGENané spectra. These spectra were
compared with DFT frequency calculation data fa peak deconvolution. NmA peaks
were easy to be assigned due to their simplicityaoturacy in peak intensity and

frequency order. On the other hand, PGE peaks shoamplex and disorder in
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frequency when comparing a real spectrum with #szal spectrum. Therefore, or
number of peaks, not the detailed peak information)d be estimated from the DI

calculation result and applied for the peak decartian in the given wavenumber are
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Figure 5.17Comparison of neat PGE, NmA and a stoichiometritune of PGE an
NmA spectra (upper) and their spectral error evalne
First, number of peaks existing in the spectrunaioled at Ohr was investigated fro

DFT frequency calculations of single materials, P&l NmA. Single PGE had :
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theoretical peaks and single NmA had 4 peaks iratba. 14 peaks showed a good fit of
the given area with an error value of 0.0057.

Three spectral region showed decreasing trendsak mtensity as a result of epoxide
reaction with Amine, in the wavenumber areas of-780 cni', 830-850 crit, and 900-
920 cm' respectively. DFT calculation also supported thate were three epoxide-
related vibrations at the given spectral regiorQ<C asymmetric stretching, C-O-C
symmetric stretching, and epoxide C-H symmetrietshing. Among them, two spectral
regions were chosen and utilized to obtain the eotnation profiles of epoxide, 780-790
cm™* and 830-850 cihhere. The spectral region of 890-930’cwas abandoned even
though an observation of clear decreasing trendusecof difficulty in peak
deconvolution. Mijovic et al also reported thatngsa peak at 915 chrfor epoxide
evolution was in controversial due to overlappiegs [5].

Figure 5.18 showed three spectral regions that vpetential resources of epoxide
evolution. It was found that the wavenumber regiraround 945 cih had series of
increasing peaks during cure and the tails of emireg peaks had an influence on the
peak at 915 cify which was epoxide trace. From DFT frequency dat@n, it was also
confirmed that, in this spectral region, three npeaks were formed as a result of
epoxide ring opening by the reaction with Aminewgra@as shown in peak assignment of

table 2.1 in Chapter 2.
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Spectral region of 78@9C cm* was also difficult to deconvolute due to signific
influence of the large peak at 754, which was from a vibration of BenzeneH
wagging, on the peak of interest. Data should Heeen r-treated to eliminate the effe
of large neighboring pea

Spectral area of 830-860n™" was determined to be deconvoluted first becauge thas
no interference of neighboring peaks and thenoregif 78(-790 cm' was considered
next, after post-dataeatment. These two deconvolution results were payed with
each other for the consistency ch

To determine the exact peak position for epoxidekpa the wavenumber area of
860 cm', wider area of 8(-895 cm' was selected and deconvolted with 7 peaks tof
2 from NmA and 5 from PGE. Based on the DFequency calculation at the tar¢

wavenumber area, it was found that all the peakspbfor the epoxide peaks were fr:
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non-reactive species. Therefore, peak height a$ agelposition and G-L ratio were

tightly regulated. Constraints applied to the peakse shown in table 5.5.

Table 5.5 Constraints details on the peaks at 80"

Peak at Peak at Peak at Peak at Peak at Peak at Peak at
813.2cmt 813.2cmt 813.2cmt 813.2cmt 813.2cmt 813.2cmt 813.2cmt
Value Value Value Value Value Value Value
(LB-UB) (LB-UB) (LB-UB) (LB-UB) (LB-UB) (LB-UB) (LB-UB)
H 0.26 0.5185 0.11 0.1 0.14 0.078 0.105
(0.2145-0.27) (0.5185-0.06) (0.1-0.115) (0-0.15) (0.11-0.15) (0.07-0.08) (0.09-0.11)
m 0.92 0.05 0.8 0.67 0.88 0.97 0.9
(0.85-1) (0-0.1) (0.8-0.85) (0.64-0.7) (0.86-0.9) (0.95-1) (0.7-1.0)
Xo 813.17 829.5 841.5 844.8 862.3 869.5 885
(813-814) (829-830) (841-842.5) (844.6-845.6) (862-863) (868-869) (884-886)
W 24.07 14 29 32 14 21.8 14.7
(24-25) (12-15) (28-29.4) (30-33) (13.7-14.3) (21-22) (13-15.7)
a 0 0 0 0 0 0 0

TLB: lower bounds, UB:upper bounds

Initial (O hour) and final stages (24 hour) of cemmple spectra were compared with

each other to estimate peak positions at a giveremamber area, and then six peaks

were used to fit the 24 hour cured sample spectmder the assumption that epoxide

group were completely consumed after 24 hours ad with NmA at the setting

temperature of 9&. Then, the constraints on those six peaks westtkeough all the
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cure data and one epoxide peak was added at a8diBnchi® for the completion of the
fitting.

Spectral region of 780-790 ¢hwas also deconvoluted to obtain epoxide concéotrat
profile. However, for that Spectral region, addiadb treatment was required to eliminate
the effect of the neighboring peak at 754’com the target epoxide peak. The intensity of
neighboring peak was so high that even small pe&kdhape change in the peat at 754
cm* significantly changed the peak line shape of #nget peak at 789 ¢

First, peak fitting was performed on the peakst @m’. It was found from DFT
frequency calculation that the peak was originétech C-H wagging vibration of the
benzene group in PGE and NmA, whose intensity shbelconstant throughout the cure
process. Therefore, peak fitting for the peak dt d@%" was performed through the

whole series of cure spectra. Then, the optimizak parameters such as peak position,
peak width, G-L ratio and peak height were averdagealigh the spectra to produce a
single synthetic peak. Finally the synthetic pealswubtracted from the whole series of
spectra. By subtracting the synthetic peak lingstet 754 cr from series of spectra,
interference of the neighboring peak resulted feogtight change of peak line shape of
the peak at 754 cinto the target peak could be reduced.

Figure 5.19 showed subtracting result of PGE-Nm#Aealata set from a reference peak
at 754 crit. It was shown from (a) of figure 9 that the lifepe of the peak at 754 ¢m
could be significantly changed by a small changthefpeak height but that effect could
be removed by subtracting the averaged peak atm84

After eliminating a neighboring peak, a part ofp&l data was taken from 763 to 1002

cm™ for the peak deconvolution. However, peak of ieseat around 790 chrould still



140

be interfered by remaining peaks at arounc cni’. Therefore, weight factor ws
applied at the edge of the spectra to completehoxe the interference of neighbori

peak.
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Figure 5.19%eak subtraction and applying weighing factorb@pre subtraction, (k
after subtraction and (c) after applying weighiagtér
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Figure 5.20 showed the deconvolution result asgectral area of 763-898 emThicker
pink and green deconvoluted lines indicated twoxefm assigned peaks. It was noted
that two peak areas of epoxide at 845 and 785 were systematically reduced as cure
time increased while those of remaining peaks wensistently maintained during cure.
Extinction coefficient of the epoxide peak at 848 cwas determined from neat PGE
with 3 and 5micron path length samples. Peaks @988 which was originated from
NmA was eliminated and the same peak constraims fog fitting PGE-NmMA cure
sample spectra were applied to neat PGE samplé&rapBeak area vs. path length
showed good correlation coefficiency’Ralue of 99%. Figure 5.21 shows the
concentration profile obtained from PGE-NmA cure8@&C.

From figure 5.20, it was found that Amine speciessumption was faster at the initial
stage of cure up to 9 hours than the epoxide speociesumption, which was not feasible
in the Amine-epoxide reaction system. Epoxide lagus paths for consumption by
ring opening reaction during thermal cure but Angmneup has the only way to be
consumed, reaction with epoxide ring. Therefore,déviation of Amine concentration
from epoxide concentration should have been am.é¥@vertheless, this FT-IR
methodology provided accurate cure data when cosdpaith the HPLC results.
Termolecular complex reaction mechanism proposedipyvic et al was used to fit the
kinetic data of PGE-NmMA system obtained from FTadwell as HPLC [5].
Stoichiometric PGE and NmA reactions were conduatetidifferent temperatures to
obtain the activation energy (i.e. 50, 70, 90 ahd@) and in-situ IR analysis was
conducted at 8. The kinetic constants obtained from FT-IR and_8Results were

listed in table 5.6. The activation energies fa fbrmation of resultant species from the
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first complex and the second complex were 112.305#91 KJ mc* respectively. Thi
second activation energy valwas wellagreed with the literature value reported by
et al, 55 KJ mat [4]. However, the obtained first activation energysvé®% higher tha

the reported value, 69KJ mor.
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Table 5.6 Summary of kinetic constants

Analysis TemperaturéQ) kx10°, cn? mol™* min™ ko, cnt mol™ min™
HPLC 50 3.095 -2.244
HPLC 70 2.914 0.014
HPLC 90 2.754 2.436
HPLC 110 2.610 4.210
FT-IR 80 2.832 1.599

5.3 FT-IR Analysis of Phenylglycidylether and AnilingS$em

In the previous section, Phenylglycidylether andhsthylaniline reaction could be
successfully monitored via quantitative FT-IR methib could provide concentration
profiles of exoxide, secondary amine and tertianyne groups. Now reaction species of
interest would be expanded to the real applicatafresnine epoxy system, i.e. primary
amine (PA)-secondary amine (SA)-tertiary amine (TAyelopment.
Phenylglycidylether-Aniline system was employednteestigate PA-SA-TA evolution.
Same experimental conditions that were applied3d&fmA reaction were used for
PGE-Aniline reaction, equal stoichiometry af@0eaction for up to 24 hours. Obtained
spectra were baseline corrected with a quadraiss Ipassing through some wavenumber
points that were not supposed to be assigned tolagmical species. Three main
wavenumber areas were deconvoluted to obtain atasoglinformation on epoxide, PA,
SA and OH groups, 3200-3650 ¢mhere PA, SA, and OH are convoluted, 1550-1650
cm*, where PA was developing, and 750-950"anhere multiple epoxide peaks were

present.
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w

Figure 5.22Series of spectra obtained for P-Aniline system, after baseline correct

5.3.1 Amine and Hydroxyl Group Analysis

The first spectral region, 32-3650 cm* was investigatedt as found from previou
sections that amine group and hydroxyl group foethand intermolecular hydroge
bonding with the existence of hydrogen bonding ptmespecies. Here, three peaks w
assignedor each primary amine peak based on the numkpeak that was set to be
describe a convoluted wavenumber area. At 0 hcestagm, a peak at 37 cmi* which
was the highest peak became a reference peak ameldtive heights of the othel
peaks were fixed throughout the series of sp¢ Secondar amine pealwas developed
at 3404 crit and an asymmetric peak whose asymmetric paransetging from 0.013 t
0.015 was set to describe multiple associationfo The strategy to tie the second.
amine peaks as one asymmetric peak was successgipied to NmA as well as S,

species in PGHEniline system. Peak deconvolution parameters ohArmeaks wer
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fixed throughout the spectra. For hydroxyl grouprfg, four peaks were set at 3574,
3538, 3434 and 3320 chrespectively. Four peaks deconvolution had afsatisry
deconvoluiton result for PGE-NmA system. Detailedstraints applied to fit the
wavenumber area of 3200 to 3650 were summariz&bie 5.7 through 5.9, and figure

5.24 showed a selected deconvolution result ofiteearea of interest.

Table 5.7 Parameters for primary amine peaks in-B@khe system

Peak at Peak at Peak at Peak at Peak at Peak at
3468.2cmt 3441.9cmt 3408.3crt 3378.2cnt 3361.3cnt 3321.7crt
Relative peak height ~ 0.7321 0.4145 0.1479 1 0.6440 0.1299
m 0.9942 0.0332 0.0376 0.2813 0.526 0.1519
w 44.41 46.91 26.86 31.42 46.58 51.86
a 0 0 0 0 0 0

Table 5.8 Constraints for SA in PGE-aniline system
Parameter value (LB-UB)

m 0.1 (0-0.1)

Xo 3404 55 (3404-3404.5)
w 52 (50-55)

a 0.014 (0.013-0.015)

Table 5.9 Constraints for OH groups in PGE-anliystesm

OH1 OH2 OH3 OH4
m 0.004 (0-0.1) 0.48 (0.45-0.55) 0.1 (0-0.1) 0.9%00.85)
Xo 3574 (3573-3576) 3538 (3530-3541) 3434 (3430-3440) 3320 (3318-3321)
w 49.7 (47-52) 80 (76-82) 169 (165-175) 240.8 (2a5)

a 0 (0] 0 0
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Figure 5.23Selected deconvolution ress for primary amine, secondary amine, ¢
hydroxyl groups

The absorbangerofiles of two P/s, SA andour OHs were shown in figure 5. The
absorbance profiles for 4 different kinds of OHewhd little different evolutions he
but generally showed smooth evolution lit Unlike other peaks, peak absorbance
OH4 showed amdual increase in its absorbance and this wasibedhe spectral line

around 3200 cihalso had some overlapping of the neighboring bi
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Figure 5.24 Primary amine, secondary amine anddxytigroup peak evolutions during
reaction at 8fC

5.3.2 Primary Amine Group Analysis

Second part of interest was 1550-1650'cmhere PA was developing. In this spectral
area, PA peak was positioned at 1622'amith values of FWHM and

Gaussian/Lorentzian ratio of 22.9 and 0.82 respelgti Even though PA peak was on the
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shoulder of a big peak assigned to phenyl group\@betion at 1602 cif, extraction of
PA peak from the convoluted spectrum required ééfest due to the peak’s large
intensity. After applying tight constraints on gheak line shape parameters for the PA
peak at 1622 cih the absorbance evolution profile could be obthiaed compared with
that obtained from the first spectral area as shiowigure 5.26. The normalized

intensities of both PA peaks showed a good comsigte
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Figure 5.25 Comparison of primary amine evolutiohtined at different wavenumber
areas

5.3.3 Epoxide Group Analysis

The third spectral area of 750-950 tmas deconvoluted to evolutions of multiple

epoxide peaks shown at 840 and 783'c8imilar to the spectral area analysis of PGE-
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NmA system, originally, three peaks of epoxide ésaexisted in this spectral region, 9
840 and 783 cih however, usinepoxide peak at 915 émwhich was assigned to t|
epoxide C-O€ asymmetric stretching was difficult due to a msi¢y increase at
neighboring peak at 945n™. Figure 5.2%&howed spectral evolutions of two epox
peaks at 840 (bkithick line) and 783 ¢ (black thick line). 11 peaks were used tc

the spectral areasd epoxide peak evolutions were compared with ettedr in figure

5.28.
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Figure 5.26Selected deconvolution results of the third spéeirea for epoxide pee
evolutions
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Figure 5.27 Epoxide peak evolutions

Among epoxide peaks, peak at 840°cwas chosen to be compared with PA peak at
3468 cni due to its larger intensity. From normalized absoce evolutions of PA and
epoxide peaks shown in figure 5.29, it was fourad BPA consumption rate was faster
than epoxide species consumption and the differamced contribute to the formation of

secondary amine. Therefore, the normalized ped#rdifice obtained from the
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comparison of normalized absorbance intensity ofpeak with that of epoxide peak was
compared with normalized absorbance intensity o84k obtained at 3402 &mThis
comparison revealed that the quantitative analygthodology applied to PGE-Aniline
system could successfully provide the reactionrimétion of all the chemical species,

PA, SA, OH and epoxide groups.
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Figure 5.28 Comparison of SA evolution with qudiita [EP-PA]
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In the next chapter, the same technique will bdieghpo the polymeric system to
evaluate if the quantitative technique developedte non-polymeric system would be

also efficacious to the polymeric system.
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CHAPTER 6.POLYMERIC SYSTEM ANALYSIS

Quantitative FT-IR technique has been utilizedlitam Absorbance evolution
information and concentration profiles of non-pobnie epoxy-amine system
successfully. The quantitative method for the cotegion profiling also could be
verified by the external method, HPLC analysis a#l as the internally by comparing
peaks of different vibrational modes of the samentical species of interest. In this

chapter, quantitative FT-IR analysis technique a@slied to the polymeric material.

6.1 Epon825 and Aniline System Analysis

Epon825, which is the simplest form of diglycidyilet of bisphenol A (DGEBA) type
resin and Aniline were selected as epoxy amineegystwo reactant species form a
linear polymer. Glass transition temperature offthly cured material was known to be
95°C [62]. Epon825 was first melt on a hot plate viémperature of 6T since the

melting point of Epon825 is 45-8D. Then stoichiometric amount of aniline was added
to the liquid Epon825. After stirring at the rooemtperature, the sample mixture was put
in between KBr window assembly with 5 micron thazpper spacer. The cure schedule
was 80C for 12 hours followed by 12Q for 3 hours. A series of spectra could be

obtained for both cure and post-cure process. Eigur showed a series of spectra
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obtained during an @hermal cure of Epon825 with Aniline at°C for 12 hoursinitial

guesses on the peak assignment could be obtamediferature 3].
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Figure 6.1 Seriesf spectra obtained from Epon825 and aniline isotlaé¢ cure at 8°C
for 12hours

Figure6.2 showed baseline correction procedBaseline correction was performed
the raw spectra by subtraction of quadratic (green linepassing through no cheral
species assigned data points data points)Three wavenumber areas were choser
analyzedas chosen in the previous section of I-aniline analysiso obtain absorbanc
information d PA, SA, OH and epoxide groups. The deconvolugorcess wa
performed for 88C procure sample spectra first followed by °C postcure sample
spectra to see the effectpost-cure on the extent of the reactidhe validation o
baseline correction method utilized Epon825Aniline system was examined by

simplepeak curve line shape fitting of the isolated paa&9t cm*. The quadratic lin
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subtracted from the original spectrum showed alined feature at the lower
wavenumber area. However, curve fitting of thedsed peak at 695 chwith a
symmetric peak line shape showed a good fittinglteshich confirmed that the

baseline correction method was reasonable.
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Figure 6.2 Baseline corrections of the series etsp

6.2 Chemical Species Analysis-lsothermal Cure at 80°C

6.2.1 Amine and Hydroxyl Group Analysis

PA had multiple peaks of self associations as shoveection 3.3.2 and 5.3.1. Three
bands of 3481, 3467, and 3436 tmere assigned to the first PA peaks of self

association and three bands of 3395, 3385, and @36peaks were assigned to the
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second PA peak. Total 6 peaks were tied by relg@ak height throughout the reaction
spectra and dealt as two asymmetric peaks. Fiviespeare added to fit the overtone
peak areas at 3200-3300 ¢nfror SA peak, asymmetric peak line shape was egppli
3411 cni with constraints of Gassian/Lorentzian ratio asghametric factor, 0.79-0.89
and 0.012-0.013 respectively. The peak positioBA&howed about 10 chrblue shift
(decreased in wave length or moved to higher wawdsau) when compared with SA
peak position in PGE-Aniline system. Four peaksenassigned to OH association peaks
at 3576, 3540, 3438, and 3319 tmof which peak positions were very similar to OH
association peaks assigned for PGE-Aniline sys&5%4, 3538, 3434 and 3320 ¢jn
since hydrogen bonding acceptor species of Epod8tlthe were basically same as
PGE-Aniline system. Three selected deconvolutiothefspectra of 0 hour, 3.5 hour and

12 hour cured samples were shown in figure 6.3.

Table 6.1 Parameters for primary amine peaks imBp&-aniline system

Peak at Peak at Peak at Peak at Peak at Peak at

3467.1cmt 3440.0crt 3407.4cmt 3377.3crt 3361.3cnt 3319.9crt
Relative peak height ~ 0.74693 0.41161 0.13834 1 5967 0.11631
m 0.8933 0.0122 0.0141 0.3283 0.5824 0.0258
w 41.83 44.68 25.55 30.54 45.84 50.67
a 0 0 0 0 0 0

Table 6.2 Constraints for SA in Epon825-anilinetsys

Parameter value (LB-UB)

m 0.1 (0-0.1)
Xo 3404 (34004-3404.5)
w 52 (50-55)

a 0.016 (0.015-0.017)
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Table 6.3Constraints for OH groups in Eponé-anline systetr

OH1 OH2 OH3 OH4
m 0.004 (00.1) 0.49 (0.45-0.55) 0.1 (0-0.15) 0.7 (0.65-0.75)
Xo 3574(3573-3576) 3538 (3536-3540) 3427 (3425-3430)  3318.5 (3316-3320)
w 49.7 (4752) 80 (78-82) 161 (160-165) 265 (260-270)
a 0 0 0 0
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Figure 6.3Amine and hydroxyl peaks evolutions at 3-3700 cnt during an isotherms
cure at 86C

It was noted from the deconvoluted spectra thaBiespecies were remaining at the

of procure at 8C, where as PA peaks were consumed completely.rBasoe

evolutions of PA and SA shown in figure 6.4 alsppuri that 6.6% of SA wer
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remaining after 8 hours of procure af8pwhere as 0.3% of PA was remaining after

procure. The maximum SA was formed at 3 hours cure.
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Figure 6.4 Absorbance evolutions of the PA, SA, @htigroups at 3200-3700 €m

during an isothermal cure at €D
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6.2.2 Primary Amine Group Analysis

PA peak at 1622 cthin the second wavenumber area was well distingdistue to its
intense peak absorbance, although the peak wdseahoulder of the peak at 1605tm
which was assigned to phenyl group C-C vibratieakPat 1600 cthwas developed as a
result of epoxide ring opening. Comparison of DFgtiency calculation result of PGE-
Aniline reaction product with that of PGE reveathdt CH2 scissoring vibration of the
epoxide peak originally shown at 1523 4in theoretical frequency) had a blue shift by
Av of 20 cni® after the linking reaction. Scissoring vibratidnGH, of PGE attached to N
molecule was shown at 1543 énHowever, deconvoluted peak area of the peak G 16

cm* had a minor effect on PA peak evolution.
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Figure 6.5 PApeak evolution at 15(-1700 cni during an isothermal cure at°C

Figure 6.6 showed a comparison of normalized alasmd of PA peak obtain at 1622
cm* with that obtained at higher wavenumber area aey showed a good consister
in their absorbance evolutions. Both PA evolutimngealed that after 4.5 hour of epc

amine reaction, all PA species was consu
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Figure 6.6 Comparison of normalized primary amibgoabance at 1622 ¢hwith that
measured at 3380 ¢

6.2.3 Epoxide Group Analysis

The last wavenumber area of interest containedidpgeak. Here only one epoxide
peak at 771 cthwas analyzed. Two peaks assigned to other epeidgations were not
examined in this analysis due to the spectral cerify. Seven peaks were used to fit the
wavenumber area with assignments based on the 2lidncy calculation of PGE-
Aniline system. It was noted that the epoxide peak overlapped by the neighboring
peak at 767 cthwhich was assigned to phenyl group C-C stretchiibgation mode.
Therefore, peak parameters of at 767amas fixed throughout the spectra to eliminate
the absorbance interference of the peak to thett@mpxide peak. Figure 6.7 showed

selected deconvlution results with peak assignniewas also noted that the peak at 748



163

cm* was developing as cure reaction went on. DFT cafior result supported that t

absorbance increase svdue to a formation of-N-C structure.
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Figure 6.7Epoxide peak evolution at 6-800 cm* during an isothermal cure of Epon8
with Aniline at 8GC

The same SA absorbance comparison analysis agmpedan PGI-Aniline system was
also applied to Epon82Aniline system. The absorbance difference of noized
epoxide from normalized PA would directly proporta to the SA absorbance with t
assumption of no side reaction. Comparison of nbze SA absorbance wi

[Epoxide]{PA] showed good consisten
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6.3 Comparison of Cure and Post-cure Process

The absorbance evolution of post-cured sample spaatas compared with that of
procured spectra to investigate the extent of dexeelopment due to the post-cure
process. Since the spectral line shape is criyicEpendent upon temperature, a simple
comparison of peak areas before post-curéqgand after post-cure (120) was
meaningless. Therefore, Infrared spectrum of ttet-pored sample was taken af@Q@o
eliminate temperature effect. It was found in tingt fvavenumber area, 3200-3650tm
PA was depleted as a result of 8 hours of pre-atiB&’C and the only species able to
react with epoxide was SA species. Figure 6.9 sdaveomparison of pre-cured sample
spectrum with post-cured sample spectrum and itfaasd from the absorbance
comparison of SA species that 6.6% of remainingh@s been consumed during the
post-cure reaction. It was also noted that absadoahall the OH peaks had increased as
a result of the post-cure and their incrementfénpgeak intensities were 6.5, 3.2, 1.2, and
3.4% respectively for OH1 through OH4 peak.

Since it was confirmed from the spectral evideinz &ll the reactant species, PA, SA,
and epoxide groups have been depleted after thecpos it was concluded that the
sample was fully cured after going through pre post-cure process. Fully cured sample
was still trapped in KBr assembly and the edgénefassembly was sealed with silicon
rubber so that water could not penetrate into the&sample. Thermal analysis was then
performed using fully cured epoxy material in a pemature range of room temperature
to 120°C to examine the temperature dependency of IR speais well as chemical and

structural behavior of cured sample along with terafure change.
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6.4 Thermal Cycle Analysis

In the previous sections, quantitative informatiegarding association and cure
chemistry have been obtained through an isothecoradition since spectral line shape of
FT-IR is significantly affected by temperature. Hauer, it is valuable to investigate
spectral line shape behavior as a function of teatpee, because it could also provide
the chemical aspects of the system at a certaipggature condition. Moreover,
polymeric materials possesses multiple phasedwasction of temperature and IR study
at different temperature could be used to elucidh&mnical and physical properties of
polymeric materials by temperature study.

In this section, temperature effects on the spelmieshape as well as chemical and
structural behaviors inside of the cured materatennvestigated using in-situ FT-IR
technique. Cured Epon825 with stoichiometric amaidraniline that was used to obtain
kinetic information in a previous section was uasd system of interest. To set up the
experimental condition of thermal cycle analydi® ¢jlass transition temperature of fully
cured Epon825-Aniline system was found from therditure [62]. Based onyDf full

cured material, &, upper limit of the thermal cycle analysis watste€el,+25°C, where
thermal decomposition was not occurring in a sbaposure time. Figure 6.10 showed a
series of spectra obtained during 3 thermal cyaléemperature change from the room
temperature to 12@. One thermal cycle was composed of three stepsgase of 1T
every 20 minutes up to 12D, 2 hour of annealing at 12D and decrease of 4D every

20 minute to the room temperature. Temperatureceasolled by Omega temperature

controller (CNi32) with K-type thermocouples, amdniperature change was occurring in
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a short time (less than 1 minute). It was noted e OH association peaks had
relatively large amount of spectral line shape geatompared with the peaks for the
chemical species that had no associations. IndigutO, peaks at around 3040 and 3060
cm™* were assigned to C-H vibrations of phenyl groupshe main structure and these
peaks had relatively little movement during the penature change. Thermal cycle
analysis also revealed that the spectral line shapthe same temperature had great
reproducibility regardless of number of thermalleyand, as shown in the lower image
of figure 6.10, the spectra obtained during indreatemperature schedule were perfectly
overlapped with those obtained during decreasedsitbat the same temperature More
detailed thermal analysis on the association pe@ke done by deconvolution technique.

The constraints applied to fit the spectra werersanzed in table 6.4.

Table 6.4 Constraints applied to fit OH bands

Parameters  OH1 (LB-UB) OH2 (LB-UB) OH3 (LB-UB) OHUB-UB)

m 0.004 (0-0.1) 0.49 (0.45-0.55) 0.1 (0.05-0.15) 7 (0.64-0.7)

Xo 3574 (3573-3576) 3538 (3536-3540) 3427 (3425-3430) 3312.84 (3310-3315)
w 49.7 (47-52) 80 (78-82) 171 (168-173) 266.48 (260)

a 0 0 0 0
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Figure 6.11 was absorbance evolutions of OH1 tHrddg4 which were positioned

3574, 3538, 3427and 313 cni' respectively. Each peak showed a different beh:

when it comes to the temperature change in thedaystem. However, they had

abrupt dsorbance changing point in common°C, which was § of fully cured sampl
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Absorbance analysis was also performed on thetesblgeak at 6¢ cmi?, which was
assigned to @ vibration of phenyl group. It was noted that #tsorbance had

systematic increase as the temperature of thersydterease
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Figure 6.12Evolution of peak area at 6 cmi* during a thermal cyc
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6.5 Preliminary Observation of Relaxation

Amorphous polymer has three states as a functitineo$ystem temperature, liquid,
rubbery and glassy state. The glass transition ¢eatpre () could be a standard point
that categorizes physical state of the amorpholysmm. At high temperature aboveg, T
polymer behaves like liquid. Then as the tempeeasipproaches to its,Tthe polymer
becomes rubbery state and if the system cools d@low T, it becomes glassy state
which is non-equilibrium state. The physical s@t@olymer could be also described by
its free volume inside of the crosslinking struetand the temperature of the system. At
above T, polymer backbone becomes free to move by theemaigy and conducts a
continuous rearrangement of the crosslinking stimectin this state, the free volume of
the system is in equilibrium. However, as the terapge moves down belowg,T

polymer backbone gets confined in its thermal mosanand the free volume becomes
guenching rate dependent. This volume relaxatiamp®rtant because it can alter the
physical properties such as yield stress or materigleness by changing mechanical
response of the polymeric material at a glassyg stethich was known as physical aging
[63-65].

The relaxation phenomenon has been mainly measyrétiermomechanical Analysis
(TMA) or Dilatometer. Here, the relaxation of amlogois polymer was evaluated by
guantitative FT-IR analysis since peak intensitys@@bance) reflects the density of the
material by Beer-Lambert’'s law. Fully cured Epon8&@th stoichiometric amount of
aniline that was previously manufactured and arlyza thermal cycle analysis was

used as a sample specimen. Sample was instaleedIR chamber and temperature
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down-jump and up-jump were performed on the samjile a temperature range from
85°C to 110C. Before temperature down- and up-jump experimeete started, sample
specimen has been put at I2(T,+15°C) to erase previous thermal history. Then, for
temperature down-jump, rapid temperature down veafopned and a series of IR
spectra has been obtained for three hours’@ 8Q-10°C). For temperature up-jump
experiment, the sample has been annealed’atf80 3 hours after thermal history
erasing and then rapid temperature up was perfofarexhother 3 hours. A whole series
of IR spectra was obtained every 1 minute duriregdhtire analysis time, total 205
minutes (25 minutes before jump and 180 minutes afmp). Temperature was
controlled by Omega CNi32 PID controller with K-gythermocouple and the
temperature information has been obtained evepcarsl during the analysis.
Wavenumber area of 3150-3650 tmas chosen to investigate the relaxation of
Epon825 cured with aniline sample since the hydrgryups had showed the most
dramatic changes in their absorbance in a previwersnal cycle analysis. Baseline
correction of the raw spectra and deconvolutiompaters were the same as those used
in thermal cycle analysis. Figures 6.13 and 6.13W&d temperature jump experiment
protocol and the spectral line shape changes ob&ridls during the temperature jump
experiment schedule. As shown in the previous theoycle analysis, 4 peak areas of
OH bands at 3574, 3538, 3427, and 3313 txad their own absorbance change
behaviors. Figure 6.15 and 6.16 showed the temyreratofile and the absorbance
changes of 4 hydroxyl groups during the temperadoren-jump and up-jump
respectively. In both temperature jump experimdetsperature jump was not conducted

instantly and had 15 minutes of lagging. Thereféafeminutes absorbance profile after



174

the jump was not recorded here to prevent the testyoe effect on the spectral line
shape. Figure 6.15 showed the absorbance profik©#1 bands after the temperature
down-jump. Since the temperature applied for therdfump was 18C below T, the
physical state of the sample material is glassychvis non-equilibrium state. All OH
bands showed gradual evolution in their absorbandethis indicated that the OH bands
relaxed towards equilibrium. In figure 6.16, absorte evolution during temperature up-
jump was evaluated. The red line in the figurebsaabance quantity of each OH bands
in equilibrium, which was measured at {CGfter three hours of annealing. OH2 and
OH4 bands showed absorbance profiles that apprddottbe equilibrium but OH1 and
OH3 was not sensitive to follow the relaxation toggequilibrium. Conventional
relaxation monitoring has been performed usingaieeter and it directly measured
specific volume change with given temperature saleedT-IR measured absorbance of
OH band which showed the most dramatic change giseimperature change. The
specific relationship in between the absorbancetla@diensity is not clear However, this
relaxation measurement through FT-IR is meaninigfthat it provided a possibility of
monitoring relaxation property of glass forming ev&l with widely used spectroscopic

analysis than traditional relaxation measuremeimguEMA or Dilatometer.
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Temperature up jump profile
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CHAPTER 7.CONCLUSIONS

Quantitative FT-IR analysis methodology was devetband successfully applied to
various systems such as hydrogen bonding equilibatiamine and hydroxyl groups as
well as amine-epoxy reaction system.

Baseline correction was first applied to the oladispectra to offset the curvilinearly
shifted baseline. Then, peak deconvolution was goted on the spectra of specific
wavenumber of interest. For the peak deconvolutagmroduct form of Gaussian and
Lorentzian was used as a peak line shape equatibnmuiltiple parameters of width,
position, and a ratio of Gaussian and LorentziapshThe chemical origins of the peaks
were identified using density functional theory (DFalculation. The ground state of the
molecules of interest were determined with Gaugdamith B3LYP functional and
Lanl2dz basis set and the molecular motion asstiaith a particular vibratioanl line
was determined visually using GaussView.

Hydrogen bonding equilibria of amine and hydroxsdups were investigated first
because these chemical species were the mainipantis in amine-epoxy reaction
system and their hydrogen bonding associationdtegsun formation of various types of
hydrogen bonding peaks in amine-epoxy reactioregysSelf and inter-association of N-
methylaniline and isopropanol were investigatedhgdrogen bonding acceptors,

toluene and triethylamine, which were mogiddond and an amine electron pair
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respectively, were mixed with N-methylaniline asdpropanol in CGl DFT calculation
at B3LYP/Lanl2DZ level also provided vibrationagfjuency shift by two different types
of H-bonding in ternary systems as well as hydrdgemding distance. Spectral
deconvolution has been conducted for various ditutoncentration samples and finally,
concentration profile of free monomer could be ot#d. It was shown that the hydrogen
bond equilibrium models were only valid at the tBldi concentration range and monomer
concentration decreased when liquid-liquid phamesition occurred at a constant
temperature. Moreover, decrease of monomer coratemtrhad a curvature rather than a
linear line, which would have been expected fromgimple lever rule along the tie line
inside of coexistence curve at isothermal and isolwanditions. For N-methylaniline,
association equilibrium model with dimerization andltimerization equilibrium
constants was adapted to fit the absorbance dageduilibrium constants were
evaluated and further utilized to describe equdilm N-methylaniline with multiple
proton acceptors mixtures. For isopropanol, the@aton was more complex since
various types of association species were preéssbciation model based on Flory-
Schultz distribution was adapted to fit the absndeadata and it was compared with two
equilibrium constant model (Coggeshall-Saier modiich was used for N-
methylaniline system). Comparison indicated thatdimgle equilibrium constant model
(Flory-Schultz model) showed similar chain lengtid anolecular weight distribution of
two equilibrium model (Coggeshall-Saier model). &hsn the single equilibrium
constant model, self and inter-association of isppnol was investigated and their

equilibrium constants were evaluated.
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Quantitative analysis was then applied to the reacystem of amine-epoxy. Model
system of non-crosslinking materials, Phenylglytatlyer (PGE) and N-methylaniline
(NmA) were selected first to validate the quantf&afFT-IR method by HPLC analysis.
In order to find the activation energy of Amine d#gloxy reaction, reactions with 4
different temperatures from 50 to P00were conducted for PGE and NmA system.
Termolecular complex theory was applied to obtametics of autocatalytic reaction and
the calculated activation energy by Arrhenius eignatwere 112.2 and 54.9 KJ/mol
from the first and second complex respectively.nl e-situ FT-IR cure was conducted
at 80°C for 24 hours and the concentration profiles attants and a resultant could be
obtained.

Two mid-IR regions of interest were deconvolutedbtain kinetic information, 3000-
3650 cm' and 750-900 cih From the spectral analysis of the first wavenurmegion, it
was noted that amine and hydroxyl groups had malppaks, which were originated
from hydrogen bonding associations of amine anddwd groups with various proton
acceptors such asbond on phenyl group and electron pairs of anetiger, or hydroxyl
groups. In the second region of interest, it was aloted with an aid of DFT that epoxide
peaks for symmetric and asymmetric stretching vibna were found at 875 chand

845 cm'. All peaks were chemically assigned based on € fPequency calculation
and deconvoluted. Obtained absorbance evolutiamofie and epoxide showed a good
overlap with each other and the mass balance afdheentration profiles of reaction
participants also showed a good consistency. Timetiki constant value was well fitted

into Arrhenius plot of HPLC result.
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Finally, quantitative analysis was applied to clioksng system. Epon825 and Aniline
were employed as model epoxide and amine. Cureepsomas conducted at’80for 12
hours followed by post cure at 1%2Dfor another 3 hours in-situ. Three wavenumber
areas were investigated for chemical species aigwy amine, secondary amine,
hydroxyl group and epoxide peaks. In the firstisegt3100-3700 cih, multiple peaks
were assigned to the associated primary aminendacp amine and hydroxyl peaks
based on the former investigation of hydrogen begaissociation. It was noted from the
deconvolution result that the primary amine was gletely consumed in the first 12
hours cure at 8€ and the remaining secondary amine at the endrefwas all
consumed after the post cure. In the second re@B60-1670 cril, primary amine peak
evolution was observed and the absorbance evolsliowed a good consistency with
that obtained in the upper wavenumber region. Epogeak was deconvoluted at 680-
800 cm® with a support from DFT peak assignment and itdigion was compared with
primary amine and secondary amine evolutions.

Thermal cycle analysis was conducted for the fallyed Epon825-Aniline system. Three
cycles of heating up to 12D0-Annealing-cooling down to 2G were applied and it was
shown that the hydrogen bonding associated peakbigapectral line shape changes at
around the ultimate glass transition temperatus&; 9Absorbance evolution of the peak
at 698 cnt which was assigned to phenyl C-H stretching vibratvas monitored as a
comparison and it did not show an abrupt changmutiirout the entire thermal cycle.
Relaxation properties were also monitored by terdpee jump experiment. It was
difficult to see the relaxation effect by currefit-RR analysis due to absence of

sophisticated temperature control. However, it ghduhe insight that FT-IR could be
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used to monitor not only chemistry inside of theteyn but also bulk physical property
such as relaxation and glass transition temperature

In summary, Quantitative FT-IR method could prouitdgailed chemical information of
polymer regarding cure and post cure reactionstacah also be applied to the
degradation of polymer. Therefore, chemically bdgedime performance monitoring of

polymeric material could be achieved by quanti&afif-IR analysis technique.



184

CHAPTER 8.FUTURE WORK

FT-IR technique is used in various fields of apgicn spanning the diluted systems as
well as the polymeric systems. This experimentahag can be an effective and
straightforward way to monitor the chemical proesssccurring inside a system of
interest. The advantages are that i) it uses cdioreat FT-IR analyzer, ii) allows for re-
using of previously obtained IR data.

In this study, quantitative FT-IR method was usedxamine not only chemical
equilibrium of hydrogen bonding association bubals obtain kinetic information of
amine-epoxy reaction. This methodology also pravithee possibility of physical
property measurement of polymeric material sucgl@ss transition temperature or
relaxation properties. One of the most interestfingings in this study was that in
addition to the cure reaction, the post-cure reaatbuld be quantitatively analyzed. This
is also true with regard to the cure reaction pr@seoccurring at the later stages of cure.
The later stages of cure are important in both é¢b@nand physical aspects because the
crosslinking that determines physical propertiepaimeric material is formed at these
stages. At the same time, it is noted that chemézadtion hardly proceeds further
because of the crosslinking. FT-IR analysis wouwddfiectively utilized in these stages

of cure since the cure observation by monitoringkgane shape change could be more
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sensitive than the observation by conventional D&thod. Therefore, in the future, FT-
IR could be used to monitor cure of polymeric mateat later stages of cure.

It was also observed from the deconvoluted peakrabace profile in the temperature
jump experiment that FT-IR method can also dematestelaxation of vibrating
molecules in the cured system. However, in thidystthe exact reason of relaxation of
molecular vibration has not been verified yet. kiferation of associated hydroxyl
groups in amine-epoxy cure system that were inwblaehe relaxation monitoring can
elucidate the relationship in between temperataceraolecular vibration and it will aid
to verify the origins of relaxation shown in theagitative IR analysis. Elaborated DFT
calculation as well as cure reaction with differstaichiometry will be performed to
resolve peak identification issue in the future.

The relaxation at high temperature arougdsTstrongly related with transition in a
structure-property relationship. Once the origimedéxation in a molecular level
observed via FT-IR has been verified, the samexaélan monitoring experiment will be
performed at lower temperature, wh@rgansition occurs, to see if the quantitative FT-

IR technique can also observe the relaxation mtdmperature range.
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