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Abstract

Taking into account numerous results from the ditere, an in-depth exploratory study on the chemica
gradients in the rise (or depth) direction was grened on polyisocyanurate rigid (PIR) foam inswalati
panels using ATR-FTIR spectroscopy. In particutamas found that the isocyanurate/phenyl rati dgiick
and effective technique for providing an indicatiointhe level of trimer conversion within each s#enp
More importantly, a detailed analysis of the C—itehing vibration of the isocyanurate ring as recfion

of depth revealed a linear decrease in the frequpaak maximum with the increase in the isocyamurat
ratio for all investigated PIR foams. This resulggests for the first time that the position (fregcy) of
peak maximum (C—N stretching of isocyanurate rimgly be used to quantify the extent of isocyanurate
formation without the issues linked to the use la$abances. It is proposed that this reductiorhe t
frequency of the C—N stretching vibration of isawyeate ring reflects the decrease in hydrogen gndi
between N-H of urethane group an==C O within theyaourate ring when the isocyanurate content
increases (lower mobility associated with higheveleof cross-linking). The heterogeneity of the
isocyanurate content was physically confirmed estigating the flammability of the foam sampldseta

at different positions in the rise direction (zsxi
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| ntroduction

Polyurethane rigid (PUR) foams are widely usedtfi@ thermal insulation in construction, transpaotat
and industrial applications. Since mid-1970's, eageffort was made to improve heat and flame tersie

of polyurethane foams in response to increasingigahding standards for the foam used in construdtio
the first approach, foams with good fire retardawegre obtained by incorporating halogen and/or
phosphorous fire-retardant compounds into the fegstem. Unfortunately, the main drawback of this
method was that combustion of polyurethane foanesased toxic gaseous products. In another approach,
the high thermal stability of isocyanurates disecedemore than a century ago [1] encouraged in@uistri
chemists to prepare polyisocyanurate rigid (PIR)nie made from multifunctional isocyanates, but they
were found to be too friable and brittle for praatiuse because of their high cross-link densityl[@erefore,
considerable efforts were put forth to modify petydyanurate foams in order to improve thermal Btgabi
while maintaining the beneficial properties of Pfdams. Among the various segments that have been
incorporated prior to or during the crosslinkingsof cyclotrimerization (for example, epoxy-furctal
modifiers generating oxazolidone groups, or amleading to urea bonds), the most popular has been t
urethane bonding [3,4]. In addition, the type cdédipolyol was also found to affect the flame-regise of
PIR foams. Aromatic polyester polyols were foundréduce flammability and smoke with respect to
polyether polyols [5]. Higher flammability PIR foanwere obtained with polyols containing secondary
hydroxyl groups\sprimary OH) and/or with high polyol OH equivalemight (=molar mass/functionality)
[6]. In addition, knowing the isocyanate index weat an indication of the potential fire resistaméehe
foam unless the polyol equivalent weight was alsowkn [7]. In a general manner, it is now well adeep
that the main factor controlling flammability isetisocyanurate content (wt.%).

Conceptually, urethane-modified polyisocyanurateanie are copolymers of polyurethane and
polyisocyanurate units. Polyurethane is formedhgyreaction of polyol hydroxyl groups with isocytes
while isocyanurate groups are formed from the dyicheerization of three isocyanate functions, asighn

Fig. 1. In addition, secondary reactions also acthese include urea formation from amines, obthfingm

the reaction between isocyanate and water, asasalde reactions leading further on to allophanais
biurets, as schematically represented in Fig. &.qtrestion that arises is how much trimer is neé&aletitain

a good fire resistance without imparting too mugdibility. An important parameter of such polymeatnix

is the so-called isocyanate index, as defined lkyetkcess isocyanate over the theoretical amoura for
stoichiometric reaction with all "active" hydrogbearing groups capable of interacting with isocyesa

(such as —OH and —NH) and expressed in percergags {i.e. 1.1 = 100). Thus,

Isocyanate index = 100 x (Actual amount of NCO Jig€dheoretical amount of NCO required) (1)
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Fig. 1. Schematic of competing reactions in thetmgis of poly(urethane-isocyanurate) foams.

Some authors made the distinction between PIR rabtard PIR-modified PUR when the index is higher
and lower than 400, respectively [8]. For otheryigocyanurate insulation foams are typically tedcat
an index of approximately 250, which means thaktlaee on average and theoretically 2.5 isocyagraigps
present for every OH or NH group, whereas the exisegyanate is converted into isocyanurate trif8jrs
Nowadays, the PIR term is used to describe foanawexhibit good fire resistance (at least a Basslfire
rate, in accordance with DIN 4102) rather thanecHjz index. But everything is not so simple anteinal
works (not published) clearly indicate that theelewf halogen and/or phosphorous flame retarding
components can still upset the rankings. As a tethd use of fire tests to classify PUR and PI&ris is
not a guarantee of the nature of the polymer nétw@ocyanurate content). In order to avoid
overcomplicated phrasing, the term PIR will be Hertused to identify both PIR and PIR-modified PUR
foams.

Even if the presence of thermal gradients in Pi&rfe and its influence on isocyanurate content baee
discussed a few times in the literature, a detaitelysis of the chemical gradients existing intthiekness
direction (rise direction) of PIR foams using ATRAR is still lacking. For that purpose, PIR foarmpés
taken from the European market were analyzed amdpared. Correlations between the ATR-FTIR

spectroscopy results and the flammability charésties will be also addressed for some of them.

Experimental details
Materials
Nineteen PIR and four PUR foam insulation panete&lpced by ten European manufacturers (Bauder, Iko,

Kingspan, Knauf, Puren, Recticel, Soprema, Stéefwissport, Unilin) with thickness ranging frof tb



180 mm were analyzed. Samples were identified bgde number in the form of FML-XXX-YY where
FML represent the formulation (PUR or PIR), XXX th&nel thickness (expressed in mm) and YY the panel
number. Basically, they were obtained from a readbaming process with polymeric methylene bis(ph
isocyanate) (pMDI) and polyester or polyether pblysing a physical blowing agent (isopentane,
cyclopentanen-pentane or various mixtures of two of the aforetiomed hydrocarbons). The boards were
manufactured by a continuous “double-belt lamindtigrocess in which the formulation mixture is dpgl

between two lamination facings. The density ofdlused-cell foam specimens ranged from 30 to 361kg/

Foam characterization
ATR-FTIR spectroscopy

The chemical structure of the various foams wasadtarized by Fourier Transform Infrared Spectrpgco
(FTIR) in attenuated total reflectance mode (ATBhg a Thermo Scientific Nicolet iS10 spectrometdre
samples were analyzed by absorbance, in the rd@@®06-600 crt at a resolution of 4 crhusing 32 scans,
which gave a data spacing (i.e. the minimum pe#drval that can be distinguished) of approximately
0.48 cmt. An atmospheric background was collected befamg$aanalysis, all measurements were done at
room temperature (25 £ 2°C). A square base foanmmol(around 2 cm x 2 cm) with the long axis palalle
to the foam rise direction (z-axis) was first authe center of the foam panel and was subsequsitiy in
approximately 5 mm-thick layers using a razor bladaeparation of the test. Each layer was preagadhst
the IR-transmitting ATR crystal (Diamond), with arstant clamping force (pressure) to ensure tightact
between the sample and the prism in the ATR. Tildsqure was strong enough to collapse the foamlsamp
leading to an almost “bulk” film with a thicknestaround 0.5 mm. All spectra were analyzed with QRIN
Spectra software. ATR correction was applied (thm@e spectrum was multiplied by a wavelength-
dependent factor) in order to compensate the higleeretration depth of longer wavelengths (lower

frequencies).

Burning tests

The single-flame source test (EN ISO 11925-2) usedualify the fire reaction of PU insulation pasel
(multilayer products greater than 10 mm thick, esadibed by the reference standard) is usually ucted
by exposing a small flame to the mid-point on tle&tdim edge of the test specimen, either on themradte
surface including the facing or with the specimemed at 90° round its vertical axis, which allowgest
the foam material only. Unfortunately, both thessthnds do not allow the observation of any potéfita
reaction gradients as a function of depth (z-afie)circumvent that issue, a set of samples weréaach
panel as shown in Fig. 2 for a 160 mm thick pafei neighboring blocks (hamed A and B) were coéldct
in the center of a given panel and were subsequslited in 20 mm thick layers after having removee
thin external layer including the facing. Pleastertbat the thickness of the first slice of eaabckl(which
is not used in the test) is different (2 mm in heck A and 12 mm in the block B). Shifting the day of



blocks A and B by about 10 mm thus allowed to deiee the ignitability of foam layers as a functioh
depth, with a 10 mm step, by alternating samplesifA and B blocks (A Bz, Az B: ...). The fire reaction

of PIR foams was evaluated by exposing each pepipedal foam sample (280 mm x 90 mm x 20 mm)
hung vertically to a small flame (around 20 mm e@igt), along its central line and at a distanc& ofm
from the bottom edge, as shown in Fig. 3. The flaras applied for about 15 s and the height ofélsaltant
propagation was measured, thanks to the lines doemeach sample at a 10 mm spacing. The repeatabili
of the ignitability measurements can be reasonablynated to about £1 cm. Unlike EN ISO 11925 that
recommends testing six representative specimens @iven product, only one sample was tested foh ea
20 mm thick layer in our case, which neverthelessieed consistent results. It is worth mentiontmeg &ll
PIR foam samples tested self-extinguished aftaniéial flame propagation lasting just a few secemhd

during which the maximum flame height was estimated

280mm

7 specimens (20mm thick)

280mm &
& S F 12mm B,
B,
160mm
B

6 specimens (20mm thick)

Fig. 2. Details of the sample preparation for thre fesistance tests in the case of 160 mm thiminfpanels.
Each of the 13 specimens possesses a thickneskteqgalaout 20 mm. The black arrow indicates the
lamination production direction. Please note thifedtence in the thickness of the first layer (s¢riaporder

to offset the foam layers of each block.
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Fig. 3. Schematics of the burning test. The tasipda (280 mm x 90 mm x 20 mm) is mounted vertieaitly
is subjected to surface exposure from a small lgasef (2 cm long) along its central line and at atdihce
of 3 cm from the bottom edge. During the test,mfaimum flame height is registered. The graduations

directly drawn on the sample make it easier to meathe flame height.



Results and discussion

Spectr oscopic characterizations

This part is dedicated to the ATR-FTIR analysithefdifferent layers (from the surface to a defitsOomm)
corresponding to the panel referenced PIR-160-B&.cbmplete spectra depicted in Fig. 4 at selat#pths
confirmed the presence of chemical groups chaiattefor the rigid polyisocyanurate foams amonlgeot

moieties. Assignments of the main absorption bamegletailed in the following sections.
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Fig. 4. ATR-FTIR spectra of the evolution of th®R60-01 foam samples as a function of depth (mm) i

the range 600-4000 c“0 mm” represents the surface of the foam paost pnderneath the facing.

C—N stretching vibration (1350-1450 crof isocyanurate ring

The isocyanurate ring, product of the isocyanateetrization, can usually be identified using theNC—
stretching band in the 1410 cmnegion [9-12] as shown in Fig. 5, but care mustalen not to confuse it
with uretidinedione which also possesses a sirhéand. The final distinction between these two fiomel
groups can be done using the carbonyl bands in#98-1800 cimt region [13]. In our case, the carbonyl
bands in the 1755-1780 chnegion are very weak in the spectrum (see Fign@)this clearly indicates that
it is not uretidinedione but rather isocyanuraee(the infrared spectra of diphenyl-2,4-uretidinadi in

SI1). It is worth noting that the C—N stretchingntidn the 1410 cndarea does not include the C—N stretching



vibration of urethanes, which is rather found abW530-1540 cm, in combination with N—H bending
vibration [10,14]. This feature is particularly fisle as it provides a way to compare solely thepprtion of
isocyanurate. It was previously demonstrated thatabsorbance at 1409 ¢rmcreases as the isocyanate
index of PIR foams increases from 200 to 500 [Ibpur case, the intensity of the C—N stretchinghef
isocyanurate peak (1410 cinslightly increases as one moves from the sutiat¢ke core of the PIR-160-
01 foam panel, which suggests that the isocyanwaieent of this PIR foam increases with the depth.
more fascinating observation, however, is thaptek maximum wavenumber (often called “peak pasifio
progressively decreases from 1410-cto about 1407 crhas the depth increases from 0 to 30 mm and
remains constant thereafter for the PIR-160-01 feample, as shown in Fig. 6. To the best of our
knowledge, this subtle frequency shift of the C+hétshing vibration of the isocyanurate peak hagene
been reported in the literature and this raisegytiestion of its origin. The latter point will bésdussed in
part 3.2 of this work. For comparison purposes ctireesponding peak maximum of the PUR-160-01 foam
sample is centered around 1412 fne. close to the value obtained for PIR-160-0Otha surface under the

facing) and does not seem to depend on the dejgth6)F

1407cm’”
1.0~ [

00

T T T . L T I T . O, G
1550 1500 1450 1400 1350
Wavenumbers (cm™)

Fig. 5. ATR-FTIR spectra of the evolution of th&R60-01 foam samples as a function of depth (mm) i
the range 1340-1570 chrorresponding to the C—N stretching vibrationszfdyanurate ring and the N—-H
in-plane bending vibration of the urethane groupsiide Il band). “0 mm” represents the surface d# th

foam panel just underneath the facing.



1412 (o TR ¢ ‘TEEY 3 TEEE o RREY o TREY « TEREY > BERY o TR « TERT 3 TERR o )

b PUR-160-01

1410

1409

1408

Ve (em™)

PIR-160-01

1407

1406
0 10 20 30 40 50
z-Depth (mm)

Fig. 6. Effect of depth on the maximum intensiitmm (wavenumber) of the C—N stretching vibratign
isocyanurate (peak maximum) for the PIR-160-01RU&-160-01 foam panels.

N—H bending vibration (1500-1560 cn

The infrared spectra of the PIR-160-01 sample teddn Fig. 5 also show a band around 1508 (amide

Il band) which is mainly due to the N—H in-planenbimg vibration of urethane groups [16] as welttzes
C—N stretching vibration of urethane groups [1Qf to a lesser extent. This amide Il band is seesib
both chain conformation and intermolecular hydrogending, which renders its interpretation veryiciifit.

It has been demonstrated [17] for a linear aronmettigurethane in the 1500 to 1560¢megion that the best
fitting-curve was obtained by using three bands fifst one at 1535 crhwas attributed to the H-bonded
N-H bending vibration between N-H an=C O groupsneas the band at 1517 ¢was ascribed to the
“free” N—H bending vibration. A very weak absorptiband at 1526 crhwas assigned to the H-bonded
N—-H bending vibration between the N-H and tharbitals of the aromatic rings, suggesting thét tter
type of H-bonding is weaker than H-bonding betwie#l and G= O groups. In the case of the PIR-160-01
foam sample, the whole band (including the shoutdar 1530 cm) gains in intensity as one moves from
the core to the surface (facings), which may suggesncrease in the proportion of urethane linkagar
the surface. In addition, the maximum intensityifims seems to slightly increase within the firtram, as

shown in Fig. 7.
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Fig. 7. Effect of depth on the maximum intensititpm (wavenumber) of the N—H bending vibration

(peak maximum) for the PIR-160-01 foam panel.

C=0 stretching vibration (1630-1760 cm

The strong and broad absorption envelope aroun@ &t shown in Fig. 8 corresponds to the stretching
vibration of carbonyl (= O) and is also called tingide | band. This large band (typically, betwee2@6
and 1760 cm) is very complicated and difficult to interpretdagise it encompasses several individual
absorption bands. First, this band is mainly coragasf the carbonyl vibration of urethane linkagd drs
influenced by H-bonds [18-20]. The carbonyl barnid$ree” urethanes, loosely associated urethanddfn
bonded urethanes were associated with the frequanty30, 1715 and 1700 cinrespectively [11]. The
amide | region is also characteristic of the caybstretching vibration of urea in all its formdrge”, loosely
associated or hydrogen bonded urea) [11]. Evdmeifproportion of water cannot be neglected in @asec
(as a rule of thumb, industrial formulations contabout 3 to 7 times more OH groups coming from the
polyol with respect to kD) the influence of urea on the overall band == C st®tching should however be
constant within each PIR foam panel taken indivilgudore importantly, the = O stretching vibratioh
isocyanurate ring also contributes to the amidegian with values of 1708 ct[11] or 1712 cni [21]
reported in the case of PIR foams. Apart from teemf PIR foams, several authors studied thefidaten

of phenyl isocyanate using various catalysts apdrted values of = O stretching vibration at 1709'cm
[22,23], 1705 cmi [24] and 1710 cm [25]. In addition, the = O stretching vibrationwgtoneimine, often
present when liquid 4'4nethylene bis(phenylisocyanate) (MDI) is used, lbatfiound at 1726 c[26,27].
Eventually, allophanates, obtained from the rea¢sipbetween urethane and isocyanate may alsakeryr
[28,29] with C= O stretching vibration absorption Harat 1710 cm [30] or at 1724 and 1689 chj31].
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Fig. 8. ATR-FTIR spectra of the evolution of th&f60-01 foam sample as a function of depth (mrtein
range 1560-1780 crhcorresponding to the carbonyl stretching and arim@=C in-plane vibrations. “0

mm” represents the surface of the foam panel jodetneath the facing.
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(peak maximum) for the PIR-160-01 foam panel.



As shown in Fig. 9, the= O peak maximum (wavenuinbighe PIR-160-01 foam progressively decreases
from around 1711 crhito around 1705 crhas the depth increases from 0 to 20 mm, showiaicthiere is a
chemical gradient of the different species contgjraarbonyl functional groups. A possible explasafor

this decrease may be the increase in the proparfi@= O belonging to isocyanurate rings with respect
other types of carbonyl as one moves towards theeafdhe foam panel but care must be taken impnééing

data given the high number of superimposed peattssrC= O stretching region.

Aromatic C= C in-plane stretching vibration (1570-16Zm?)

Fig. 8 also shows an absorption band at about t&®5representative of the== C (in-plane) stretching
vibrations of the aromatic rings coming from the&acyanate units. According to a study dedicateth¢o
effect of hydrogen bonding in an amorphous lineameatic polyurethane at different temperaturess thi
envelope was characterized by a principal band588 Icm* and a shoulder at 1614 ¢fil7]. More
importantly, it was found that both bands wereeaysttically shifted to lower wavenumbers with incieg
temperatures from 25 to 165°C and this phenomenas attributed to the presence of hydrogen-bonds
between the N—H groups of urethane andtthebitals of the aromatic rings of the diisocyanatés which
almost disappeared at high temperatures. In otleedsy the more H-bonds between N-H groups and
ther orbital of the aromatic rings, the more the arac&@=C in-plane vibration shifts to higher
wavenumbers. Referring to this paper, the increadee peak position (maximum) from about 1594'dim
around 1596 cm as the depth increases from 0 to 25 mm showngn F) may suggest that there are
hydrogen bonds between theorbitals of the aromatic ring and the N-H groupgdyurethane and that

they increase as the depth increases.
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Fig. 10. Effect of depth on the maximum intensitgitpn (wavenumber) of the=. C in-plane stretching

vibration (peak maximum) of the aromatic rings (pyigfor the PIR-160-01 foam panel.



Unreacted isocyanate (R-21 £ O) stretching vibratid®2{3 cm)

The band at 2273 cfreported in Fig. 11 for the PIR-160-01 foam paselue to the asymmetric stretching
vibration of unreacted isocyanate =N =C O functi¢fifding residual unreacted —NCO functions was not
unexpected. It has been estimated that about 3@B& d§ocyanate groups remained unreacted aftemi®0
for PIR foams blown with 100% CFC (index 450) othwéa mix 50/50 wt% of CFC/water (index 350), while
the maximum temperature was reached within 5 mlij. [@ther authors have demonstrated for PIR foams
of various index values that the isocyanurate yatddefined by the proportion of NCO groups thicay
available at the end of the reactions with hydrasytl amine groups, and which has effectively rebtrie
form isocyanurate) is never 100% [32]. In the loaste, these authors obtained a yield of about 936X
200) with potassium 2-ethylhexanoate as trimeratatalyst. Even if the isocyanurate content iases
when the NCO index increases [33], it was found tha final degree of isocyanate conversion into
isocyanurate decreases with increasing isocyandéxi The “apparent” proportion of unreacted isoeya
reached after equilibrium (as estimated from thi fdlo where { is the absorbance of isocyanate peak at
time t, andd is the absorbance of isocyanate peak at timewa8)found to increase from about 5 to 34% as
the isocyanate index increases from 200 to 50Q [[34§ phenomenon is related to the restricted hiploif
—NCO groups as the cross-linking density incref®&2,35]. In our case, each tested panel is s@optus
exhibit a constant index throughout its entire waduand the lower intensity of the isocyanate peatké

core of the PIR foam may suggest that the isocydawontent is higher in the core.

0,3~ 2273cm’

2138cm’

ﬂ.[} -rrr T rrrrf I rTrTrTyrrrry T

2400 2350 2300 2250 2200 2150 2100 2050

Wavenumbers (cm™)

Fig. 11. ATR-FTIR spectra of the evolution of thHR-260-01 foam sample as a function of depth (nmm) i
the range 2020-2400 chrorresponding to the unreacted isocyanate (=-M+= C ar@)carbodiimide (R—
N=C= N-R) stretching vibrations. “0 mm” represents the aé of the foam panel just underneath the

facing.



Carbodiimide (R—M= & N-R’) stretching vibration (2102150 cr)

One other aspect of the spectral series that desenmment in Fig. 11 is the emergence of carbadikim
functional groups identified by the two peaks @&&and 2111 cm(stretching vibrations) as one penetrates
deeply into the core of the PIR-160-01 foam samfbeording to the literature, the presence of cdiibnde
may be generated through different mechanisms fildteone would be that carbodiimide can be produce
by the thermal degradation of the uretoneiminectiine above 40°C, and this reaction was founddease

as a function of processing temperature [11,36¢ fEbhevant question is whether uretoneimine isqres
our case. Commercial pMDI (the crude version dfiitigd,4-methylenediphenyl diisocyanate) used for the
preparation of PIR foam insulation panels is oftemix of pure MDI and uretoneimine because thedatt
makes it more stable and slightly viscous at anth@mperature [26,36]. The spectrum reported ins8&ms

to support this since it reveals the presence efoneimine at 1738 cm(C=0O stretching vibration).
Returning to Fig. 5, it is interesting to notice fhresence of a small shoulder around 1377 anly visible

for the layers close to the surface which may @pwed to the C—N stretching vibration of uretonaini
four-membered ring [36]. However, it tends to dizear with the increase in depth, but it is difficid
conclude whether it is embedded inside the largeé¥ Stretching peak of the isocyanurate ring ot iid
longer exists. Carbodiimides can also be produgethé condensation of isocyanates with themselves,
provided that the right catalyst (phosphorus comgsy carbonyl metal groups or metallic derivativiss)
used [37-39]. In the case of PIR foam formulationsrently used on the European insulation market,
trimerization catalysts are often carboxylic a@ttssuch as potassium 2-ethylhexanoate which maypbd
candidates for this latter reaction. In both cadesjncrease in the intensity of these two peakstds the
core may indicate that the maximum temperaturbé@®fdam was higher in the core (see SI3 for motailde

about the temperature gradients).

I socyanurate gradientsin PIR foam panels

In this part of the study, the authors are pardidylinterested in the quantitative analysis of Hands
associated with isocyanurate and their evolutioa asiction of depth (z-axis). Assuming a perfemttact
between sample and crystal, the intensity of eadk fabsorbance), is dependent on the absorptivity
coefficient §), the light penetration depth or path lend)h &nd the concentratior)(in terms of the Beer-
Lambert law [ = ¢ x | x 9. Both the absorptivity coefficient and the peattm depth are rather constant for
a given peak. To this must be added the contaatwhéch may slightly vary, even at a constant clisugp
force. The contact area depends on the hardneéks shmple which is not necessarily constant incase
because the cellular morphology and foam density slightly vary along the z-axis (i.e. perpendicula
the in-plane direction) [40]. However, differendascontact area can be largely corrected usingpédak
intensity ratio, as defined by the peak intensftyhe target component divided by the peak intgrsita
component which may not vary. To best quantifywaeation of isocyanurate content, it was choseoun

study to normalize all spectra with respect toahsorbance of the== C stretching (phenyl) at 1598 cm



because the absorption of the phenyl peak shotildepznd on the extent of the various reactiona fyiven
polyol/isocyanate formulation [41]. Before thate theight of each peak of interest was estimateunegard

to the position of a baseline connecting the Igeaents on either side of the peak where there sgwficant
underlying absorbance. The anchor points were 80 X3n* and 1470 cm for the C—N stretching of
isocyanurate, and at 1565 ¢rand 1630 cni for the G= C stretching vibration of the aromatigriphenyl),
respectively. Despite providing comparative reswithin the same foam panel, this standardizatiethod
obviously does not necessarily work when compaiidagn samples made with different formulations.

Fig. 12 provides the evolution of thexddhises ratio as a function of depth for part of the irigeted foam
panels. The data volume was intentionally limitedas not to overload the chart while at the same ti
giving the widest possible range of panel thicknéssan be clearly seen that the isocyanuratefdiratio

of all PIR foams dramatically increases from theaste toward the core of the foam with a chemicatigent
typically spreading over a distance of 20—30 mmweher, the maximum level of isocyanurate seems
relatively constant between each gradient, exceptsémples PIR-100-06 and PIR-140-16. Somewhat
surprising, these scattered patterns may be daeebtd mixing between the polyol premix and the pMDI
leading to chemical discontinuity. Eventually siimteresting to note that each profile of isocyateiappears
symmetrical, which implies that the level of isooyeate is the same on both faces. For comparisqrope,

the isocyanurate/phenyl peak height ratio of PU&hfe is also reported in Fig. 12 and appears unatfec
by depth with values close to unity. This low isagyrate content can be explained by the fact tb&® P
formulations contain a NCO/OH ratio slightly abos@ichiometric values for urethane obtention. Note
however that the (fdhises) ratio does not directly correspond to the reahgosition ratio (mainly because

of differences in absorption coefficients).
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Fig. 12. Evolution of the isocyanurate/phenyl rgis probed by the peak height ratiafthises) as a function
of depth for part of the various PIR and PUR foaangds investigated.



To better characterize the chemical gradientsettodution of the (hiio/hises)mad (hiardhise9)min ratio for each
investigated PIR foam panel is reported in Figag & function of panel thickness. This max/mirorakiould
give a rough estimate of the difference in isocyataeicontent between the core and the surfaceafdr e
foam panel, unless the absorptivity coefficienteath group may vary a lot between the maximum and
minimum value. It appears that the isocyanuratdertris about 2.7 times lower at the surface thathé
core (average value: 2.69 + 0.42). On the conttheyyariation of isocyanurate content betweersthvéace

and the core of PUR foams is very low with valulese to unity (average value: 1.18 + 0.15).
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Fig. 13. Plot of the ratio (f10/hises)max (h1a10huses)min fOr the various PIR and PUR foam insulation panélse

lines correspond to linear regressions for eachrfolation.

This phenomenon seems typical of PIR foams andngsiglly attributed to the occurrence of heat &ithe
surface of the foam, leading to a temperature miffee during manufacturing between the core and the
surface of the foam [8,32]. In our case, the vimmbf trimer conversion was estimated in the thiess
direction for a foam sample taken in the centred bf the foam board width, but a similar effecsweported
along the width (cross machine direction) of PIRropanels (index around 250) near the lateral e@jes
Laminated foam boards are particularly prone td lesses because of the small amount of matei@lish
metered to produce a panel of given thickness, wjuistifies the use of external heat sources sadvan

or heated platens to maintain the trimerizatiorctiea as homogenous as possible [2]. That is whky th
manufacturer specifications recommend to operaeltiuble-belt of the production line above 60°Ghim
case of PIR foams (at least 15°C higher than fdR Pham boards). As a result, the isocyanurate grasli
reported in Fig. 12 are mainly attributed to curtegiperature gradients. Comparisons of the temjrerat

profiles at three positions within the PIR foams &function of time) for mold temperatures of 25%i@l



55°C led to the conclusion that the temperature thesfoam center was unaffected by the mold teatpegs
for sufficiently thick samples because of the lbartnal conductivity and low thermal diffusivity thfe foam
(the thermal diffusivity is defined ¥/pC,, wherek is the thermal conductivity, is the density an@, is the
heat capacity) [42]. For the sake of completenassmpts were made to estimate the variation ohiog
temperature as a function of depth inside a réal&R foam panel. The data reported in SI3 corratmo
these expectations.

The comparison of Figs. 6 and 12 suggests that ikex direct relationship between the C—N frequeric
isocyanurate ring and thes¥hises peak height ratio for the PIR-160-01 foam samplee data plotted in
Fig. 14 clearly indicate that the peak maximumdfrency) of isocyanurate rings of the PIR-160-0OInfoa
samples decreases linearly from 1410 to 1407 with the increase inihdhises ratio from 1.8 to 4.4.
Moreover, the linear correlation between the peaaditipn of isocyanurate ring and the isocyanuréienyl
ratio (huiohises) is not limited to the PIR-160-01 samples but alsems to encompass the data obtained for
the PUR-160-01 samples (bundled into almost ona gaint around 1412 c#), given the appealing

correlation coefficient of more than 0.99.
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Fig. 14. Evolution of the maximum intensity positid the C—N stretching vibration of isocyanurategras
a function of isocyanurate/phenyh{fyhises) ratio for the PIR-160-01 and PUR-160-01 foam gan&he

number in parenthesis represents the depth (in afrte probed surface for each data point.

To confirm the previous observation, the vibratfoeguency (peak position) of isocyanurate peaks was
systematically measured in the first 50 mm (oraipdlf the thickness of each sample for a samjit&riess
lower than 100 mm, at least) for the twenty-thre@ni panels (4 PUR and 19 PIR formulations). Despite

few large discrepancies, the vast majority of the fdam data points reportedkilg. 15seems to follow the



same master curve with a linear decrease in pesikgoas the isocyanurate/phenyl height ratiogases.
The C-N (stretching vibration) frequency of isoayeate ring varies from 1411 ch(surface) to 1406 crh
(core) which gives a frequency variation of arodncht! for the PIR formulations. On the other hand, all
data points corresponding to PUR foam panels d@hegad in the higher left part with values centerexlind
1412 cmt® and showing no frequency vibration below 141%cé linear regression of the whole data set
(PIR and PUR formulations) gives a correlation ot of about 0.86, which is actually acceptatileen

the many different sources of the foam panels.
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Fig. 15. Evolution of C-N frequency of isocyanuraiag (peak maximum) as a function of
isocyanurate/phenyl (hdhises) height ratio for all investigated PIR and PUR foganels. Only the first
50 mm (or half the thickness if the sample thicknefower than 100 mm) were analyzed, by incresneint

5 mm.

The above results may therefore lead to the coiatiubat the vibration frequency of isocyanurate-NC
stretching) is inversely proportional to the amoahisocyanurate. Accepting this statement, thestjoie
remaining is what causes the shift toward lowegdencies. On one side, many studies have showthiat
formation of hydrogen bonds between the N-H pratoner groups and the different proton-accepting
groups (namely the carbonyl group of the ureth#mecarbonyl of an ester group and the oxygen atbm
an ether group) led to the reduction of their ilorafrequencies [17,18,43—46]. But as a genelal the

frequency shift is usually narrower for bendingritiihat for stretching vibrations [47]. In the casfe



amorphous linear aromatic polyurethanes, differerafeabout 100 crhbetween “free” N—H stretching
frequency (3447 cr) and H-bonded N-H with= O (3347 dinwere reported but this frequency shift is
reduced toAv~18 cm! for “free” N—H bending frequency (1535 cthand N—-H groups H-bonded with
C=0 (1517 cnt) [17]. Thinking now specifically from the viewpdiof the proton-accepting groups, the
frequency of the stretching vibration is also reztlibut to a lesser degree than for the proton-dgrom.
Carbonyl absorption at 1733 ciffree) and 1703 cri(H-bonded) were reported for a polyether urethane
composed of alternating blocks of soft (poly(tetedimnylene oxide)) and hard (urethane) segments [A48].
the case of composite propellants, functionallyssitdted isocyanurates are used as universal bgrdjents
because they can form bonds with the surface afrifstalline oxidizers and with the binder of thegellant.

It has been demonstrated that the frequency ofC:=1 stretching vibrations of isocyanurate shifted
downward from 1698 crhto 1688 cm (Av = 10 cm?) upon formation of hydrogen bonds between
ammonium perchlorate and tris(2-hydroxyethyl) isooyrate [49].

On the other side, it is well known that the fregmeof bond vibration should decrease as bondsdserin
strength (or increase in length) because the frezyis directly related to the square root of thre¢ constant
[47]. In that respect, hydrogen bond formation tetwlthe weakening of thebonds of each acceptor and
donor group. In our case, the decrease in thetidbrérequency of isocyanurate ring (C—N stretchiwgh

the increasing amount of isocyanurate is an indicahat the strength of that C—N bond decreasewedder,
the C—N bond of the isocyanurate ring should natly participate in the hydrogen bond with theHN—
proton donor group of the urethane linkage, so thils/change in vibration frequency? In a study cateid

to the thermodynamic stability of isocyanurate siag a function of substituents (aliphatic andfometic)
attached to the trimer, it is written that “anydémening of the carbonyl bond of an amide grouplde®
shortening of the C—N bond and thus to its streswgtig” [50]. If this reasoning is transposed in oase, it
could be postulated that the presence of hydrogeibg between the N-H groups of urethane and the
C=0 attached to the isocyanurate ring should wetlet= O double bond (leading to longe=C O inter-
atomic distance). This phenomenon should in tuengthen the C—N bond of the isocyanurate cyde, i.
shorten this bond, as schematically illustratelign 16, and leading to an increase of its frequeitaration.
Conversely, the increase in strength of the carbgmoyp only loosely involved in hydrogen bondshnibe
N—-H groups may result in the decrease of the stietigerefore in the lengthening, of the C—N boritthivwv
the isocyanurate ring and as a result would shift@ to lower frequency. In this context, it is conaile
that the increase in isocyanurate content witlirntbiease of depth observed in our case for alhthestigated
PIR foam panels implies a higher level of croskiig, which should inevitably bring about a redantiof
chain mobility and hence a possible reduction efrthmber of hydrogen bonds in the core of the fdam.
the previous mechanism is correct, there shouttltzdsnear the surface a higher proportion of urettithe
N—H suppliers) with respect to isocyanurate. A namdf authors used the intensity of the peak a0 Lnt!

to estimate the proportion of urethane, alone arombination with other characteristic bands [353b
However, one needs to be aware that te= C O stngtohibration of the isocyanurate ring may also

contribute to the intense band near 1710!cteading to possible overestimation of the prdpartof



urethane. This should be particularly true sinaediference between the absorptivity coefficienitshe
various carbonyls is significant even if it is dfeat in the case of the N—H stretching mode [11puncase,

it was decided to use exclusively the intensitthefpeak at 1220 cin(C—O bond stretching) to estimate the
proportion of urethane (with anchor points betwdd60 cm® and 1345 cmi) [9]. It is revealed from
Fig. 17 that the fdhis10 (Urethane/isocyanurate) ratio decreases withnitrease in depth and tends to level
off beyond about 20 mm. Obviously, this reflects fieak height inversion reported in Fig. 5: thekpea
intensity (absorbance) associated with the C—Ncétirey of isocyanurate is higher than the peakniitg
associated with the N—H bending of urethane irctite while the opposite applies at the surface.hidgleer
relative proportion of urethane near the surfacelén the facing) should favour the formation of togen

bonds between the N—H group of urethane and £2e @vdved in the isocyanurate ring.
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Fig. 16. Schematic showing the possible effecyydfdgen bond formation (dashed line), between tHd N
groups of urethane and the=. O of the isocyanuratg, ron the inter-atomic distances of the C-N and
C=0 groups. The blue arrows indicate the changenteriatomic distances. (For interpretation of the

references to colour in this figure legend, thedewais referred to the Web version of this article.
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Fig. 17. Evolution of the urethane/isocyanurateiagias probed by the peak height ratigthisig) as a
function of depth for PIR-160-01 foam panel.

In order to confirm this hypothesis, it can alsoHadpful to look closely to the spectral regionNfH
stretching reported in Fig. 18. When moving from tlore to the surface, a shoulder is emerging etoth
frequency side of this peak and from a depth oLiaBO mm. It becomes more and more noticeable @s on
gets closer to the surface of the foam panel agrl tilrns into a distinct peak (3295¢nat the surface. This
frequency is assigned to H-bonded N-H groups, whégms to indicate that hydrogen bonds are favoured
near the surface (under the facing) with respetttd@ore of the foam. On the contrary, the maakpecated

at a frequency of about 3360 ¢nattributed to “free” (non-associated) N—H grougsdiminishing with
respect to the absorbance at 3295'@s one gets closer to the surface. It should bedribat this effect is
not consistent with the spectrum of the surfacerlgy = 0 mm) which is in contact with the faceddhus
might have a particular behavior. In the same \ielms been demonstrated for PUR foams (index WitB)
various molar masses per branching unit (800c < 1150) that the proportion of hydrogen bonds betwee
the urethane groups (estimated from FTIR spectmsdata and the ratio NkleedNHree) increased with
[52]. Transposing this conclusion in our case, Wisild indicate that a loose network (lower isoayaite

content) should promote the formation of hydrogends.
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Fig. 18. ATR-FTIR spectra of the PIR-160-01 foam@la as a function of depth (mm) in the range 3150—-
3500 cmtcorresponding to the N—H stretching vibrations.rifn” represents the surface of the foam panel

just underneath the facing.

I mpact on fire behavior

The above spectroscopic analysis unambiguously dstrates that the isocyanurate content of the @dinf
panels is higher in the core than near the suffawger the facing). It is however questionable Whethese
differences are large enough to induce variatiofirenbehavior within the same panel. Accordinghe
variation of flame height obtained by following apecific protocol is shown as a function of thettigz-
axis) in Fig. 19 for samples PIR-160-01, PIR-140#&1 PIR-80-03. Obviously, the flame height is
significantly higher near the surface of the focemel with a difference greater than 6 cm for the-B60-

01 foam panel. Regardless of the panel thicknesegyradient of flame height spreads from the sertaa
depth of about 30—40 mm on each side, similarthéoisocyanurate/phenyl gradient reported in Fy.Als

a result, the thicker PIR foam panels (PIR-160-0d BIR-140-02) are characterized by a constanteflam
height between the gradients of the two edges,iwdies a U-shaped curve with a long horizontatigala.

In contrast, the thinnest panel (PIR-80-03) is redry a V-shaped curve with no horizontal plateau.
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Fig. 19. Evolution with depth of flame height readlbefore self-extinguishing for a few PIR foamgiauof

different thicknesses ranging from 80 to 160 mm.

Fig. 20 shows the relationship between flame heghithocyanuraithpneny ratio for the three different PIR foam
panels. Despite a significant spread in the data,abvious that the flame height decreases withelasing
isocyanurate/phenyl ratio within each panel, aswshby the linear regression including the whole cfet
data. It is worth noting that, generally, the zithepf each data point increases from the top-&fer to the
bottom-right corner of the plot. Making the hypatlsethat the concentration of flame retardant is
homogeneous within each panel, this result indsctitat the isocyanurate concentration is the déterm
factor for controlling the fire resistance. Simitandencies were reported on different pentaneblB¥R
foams with index values ranging from 150 to 300][3he flame height was lowest and the length ef th
charred part of the sample was shortest when theeotration of isocyanurate was highest. In theesaay,
the foam flammability properties were shown to imprioved (for a given polyol) as the isocyanate inde
increased from 150 to 500 [7]. However, this reiturcin foam burn pattern length tended to levelfoff
isocyanate index values above 300, presumably becafi sufficient crosslinking provided by the
isocyanurate trimer. Likewise, the effect of indeguction from 400 to 225 on flame spread was fdassl
significant when the polyol used (a highly purenaatic difunctional polyester polyol) was speciflgal

designed to optimize trimer conversion [53].
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Fig. 20. Evolution of the flame height as a functal isocyanurate/phenyl ratio (as probed by theshises
peak height ratio) for three PIR foam panels ofedént thickness ranging from 80 to 160 mm. Thé&edot

line represents a linear regression englobing thmbe set of data.

Conclusions

Much of our present research effort has been @idetdwards characterizing chemical gradients in PIR
foams. For that purpose, nineteen PIR insulatiamfpanels taken from the European market were zedhly

in detail using ATR-FTIR spectroscopy. Profilesigdcyanurate content (as probed by the/hises peak
height ratio) were established as a function oftlu€p-axis) and indicated that strong chemical ignatd
exist within each investigated PIR foam panel tdepth of around 20-30 mm, regardless of the panel
thickness and manufacturer. Obviously, the maximmachminimum isocyanurate contents were found in the
core and at the surface (under the facing) of tRef@am panels, respectively. These chemical grasliare
directly related to the thermal gradient occurrthging panel manufacturing because heat lossosgiy
minimized in the core of the panel thanks to thigrisic thermal insulation properties of the foam.

For the first time, it is revealed for PIR foamattthe maximum intensity position of the isocyameizeak
(C—N stretching around 1410 cinshifts to lower frequencied{max~6 cn1t) as the depth increases (from
the surface to the core). In addition, it is deni@ted that the peak maximum decreases linearly thi
isocyanurate content as probed by thadhises peak height ratio. In our opinion, this shift tower
frequencies would be associated with the decreageei concentration of H-bonding between N-H and
C=0 as the depth increases, due to the reducedrmiadility associated with higher content of isoayeaie
trimer. It is worth noting that the use of frequgishift to compare isocyanurate levels seems adganus
over the use of peak height ratio because it igriable to absorptivity coefficients, contact amagven the
ATR instrument used. On the contrary, this phenamea very limited in the case of PUR foamsfa—

1 cnt?), due to the lower content of isocyanurate bupssingly, the corresponding datandx vS hiaidhises)

were found to align with the data obtained for RiIBms.



Fire behavior tests confirmed that isocyanurateligrds are high enough to translate into a decrefse
flammability (estimated through flame height) ag @gnogresses from the surface toward the coreed?IR

foam panels.

Data availability

The raw/processed data required to reproduce fireliags cannot be shared at this time due to legal

ethical reasons.

Declaration of competing interest

The authors declare that they have no known congpdinancial interests or personal relationshipet th

could have appeared to influence the work repartékis paper.

Acknowledgements
The authors are grateful to Vincent Barraud andk@delre Fougeron (R&D SOPREMA, Saint-Julien-du-

Sault) for fruitful discussions. The authors wistttiank Corentin Paget (trainee) and Isabelle Dh@R&D
technician SOPREMA) in completing the experimentgte fire behavior. This project was made possible
with the financial support of SOPREMA. The manustis in honor of the 50 year anniversary of theneh
Polymer Group (Groupe Francais des Polyméres — GFP)

The authors extend all their gratitude to Pr. Jemmre Pascault (IMP, UMR5223) (1943-2020), an

extraordinary scientist and a good-hearted peiffsomjs continuous guidance and advice.

Appendix A

Supplementary data

Supplementary data to this article can be fountherdt
https://doi.org/10.1016/j.polymertesting.2020.10%697

Refer ences

¢ [1]Sandler S.R., Karo WRolymer synthesjsn: Wasserman H.H. (Ed.), Series 3, second ed,
Academic Press, London, 1996, pp. 138-147.

 [2]Reymore H.E. Jr., Carleton P.S., Kolakowski R.&ayigh A.A.R., Isocyanurate foams:
chemistry, properties and processidgCell. Plast11(6) (1975), 328—-344.

« [3]Ball G.W., Haggis G.A., Hurd R., Wood J.F., Améeat resistant rigid foard, Cell. Plast4(7)
(1968), 248-261.



[4]Frisch K.C., Patel K.J., Marsh R.D., Isocyanaratethane foamsl. Cell. Plast.6(5) (1970),
203-214.

[5]Canaday J.S., Skowronski M.J., A comparisonrofvatic polyester polyols for rigid urethane
and isocyanurate foard, Cell. Plast21(5) (1985), 338—-344.

[6]Skowronski M.J., DelLeon A., Isocyanurate foalme trole of the polyol). Cell. Plast 15(3)
(1979), 152-157.

[7lLaughner M.K., Gross J.M., Baugh D.W. Jr.,, Newlypl development in rigid hybrid
polyurethane/polyisocyanurate foam systein§ell. Plast19(3) (1983), 182—-188.

[8]Mitchener G.“PIR technology: developments and solutions foreandnding industryUTECH
Europe Conference 17-19 April, Maastricht (2012).

[9]Burns S.B., Schmidt E.L., The PIR/PUR ratio:avel trimer conversion test with high correlation
to the factory mutual calorimeter for HCFC-141bviopolyisocyanurate foamd, Cell. Plast
31(2) (1995), 137-153.

[10]De Haseth J.A., Andrews J.E., McClusky J.VieBter R.D. Jr., Harthcock M.A., Davis B.L.,
Characterization of polyurethane foams by mid-irdcefiber/FT-IR spectrometrBppl. Spectrosc
47(2) (1993), 173-179.

[11]Priester R.D. Jr., McClusky J.V., O'Neill R.Hurner R.B., Harthcock M.A., Davis B.L., FT-
IR-A probe into the reaction kinetics and morphgldgvelopment of urethane foardsCell. Plast
26(4) (1990), 346-367.

[12]Raffel B., Léevenich C.J., High throughput smang of rigid polyisocyanurate foam
formulations: quantitative characterization of igmcurate yield via the adiabatic temperature
method,J. Cell. Plast42(1) (2006), 17-47.

[13]Sheridan J.E., Haines C.A., Qualitative andnjsative analyses of isocyanurate-containing
foams by thermal techniquek,Cell. Plast7(3) (1971), 135-139.

[14]Socrates Ginfrared and Raman Characteristic Group Frequenei€gables and Chartshird
ed., John Wiley and Sons, Ltd, Baffins Lane, Chstéie West Sussex PO19 IUD, England, 2001.

[15]Chaffanjon P., Grisgby R.A. Jr., Rister E.L., Zimmerman R.L., Use of real-time FTIR to
characterize kinetics of amine catalysts and toelbgv new grades for various polyurethane

applications, including low emission catalystsCell. Plast39(3) (2003), 187-210.



[16]Radice S., Turri S., Scicchitano M., Fourieartsform infrared studies on deblocking and
crosslinking mechanisms of some fluorine containimgnocomponent polyurethaneAppl.
Spectrosc58(5) (2004), 535-542

[L7]wang F.C., Féve M., Lam T.M., Pascault J.-PTJRF analysis of hydrogen bonding in
amorphous linear aromatic polyurethanes. |. Infteeof temperaturd, Polym. Sci. B Polym. Phys
32(8) (1994), 1305-1313.

[18]Coleman M.M., Lee K.H., Skrovanek D.J., Pain®R€., Hydrogen bonding in polymers. 4.
Infrared temperature studies of a simple polyumrthislacromoleculed9(8) (1986), 2149-2157.

[19]Griinbauer H.J.M., Thoen J.A., Folmer J.C.W.nMaeshout H.C., Polymer morphology of
water-blown rigid polyurethane foams: developmenhew polyols,J. Cell. Plast 28(1) (1992),
36-47.

[20]zhang C., Ren Z., Yin Z., Qian H., Ma D., Amidlend Amide Il bands in polyurethane model
soft and hard segmen®oplym. Bull.60(1) (2008), 97-101.

[21]Hoffman D.K., Model system for a urethane-maatifisocyanurate foand, Cell. Plast20(2)
(1984), 129-137.

[22]Dekamin M.G., Varmira K., Farahmand M., Saghedh-S., Karimi Z., Organocatalytic, rapid
and facile cyclotrimerization of isocyanates ustegrabutylammonium phthalimide-N-oxyl and
tetraethylammonium 2-(carbamoyl) benzoate underesbifree conditionsgCatal. Commun12(3)
(2010), 226-230.

[23]Wang H.-M., Li H.-X., Yu X.-Y., Ren Z.-G., LangJ.-P., Cyclodimerization and
cyclotrimerization of isocyanates promoted by omaspodymium benzenethiolate complex
[Pr(SPh)(THF)s], Tetrahedror67(8) (2011), 1530-1535.

[24]Duong H.A., Cross M.J., Louie J., N-heterocyaarbenes as highly efficient catalysts for the
cyclotrimerization of isocyanate®rg. Lett 6(25) (2004), 4679-4681.

[25]Kosterna J., Lubczak J., Mliwiec B., Esters and urethanes with pyrimidineggrikleterocycl.
Commun15 (1) (2009), 9-16.

[26]Gillis H.R., Hurst A.T., Ferrarini L.J., Wats., Liquid MDI isocyanates: effects of structure on
properties of derived polyurethane elastomérglastom. Plastl6(4) (1984), 291-306.

[27]Hatchett D.W., Kinyanjui J.M., Sapochak L., IRTanalysis of chemical gradients in thermally
processed molded polyurethane fodntCell. Plast43(3) (2007), 183—196.



[28]Al Nabulsi A., Cozzula D., Hagen T., Leitner Wiuller T.E., Isocyanurate formation during
rigid polyurethane foam assembly: a mechanistidyshased oin situ IR and NMR spectroscopy,
Polym. Chem9(39) (2018), 4891-4899.

[29]Lapprand A., Boisson F., Delolme F., MéchinFascault J.-P., Reactivity of isocyanates with
urethanes: conditions for allophanate formatolym. Degrad. Stat®0(2) (2005), 363—-373.

[30]Bailey F.E. Jr., Critchfield F.E'A reaction sequence model for flexible uretharanid pp.127-
147, chapter 11, in: Edwards K.N., Gum W.F., Johnk&., Bailey F.E., Graff R.S., Glasser W.G.,
Klempner D., Frisch K.C. (Eds.), Urethane chemiatrg applicationdACS Symposium Serjd32,
American Chemical Society, Washington, DC, 1981.

[31]Ulrich H., Tucker B., Sayigh A.A.R., Base-cata¢d reactions of isocyanates. The synthesis of
2,4-dialkylallophanates). Org. Chem32(12) (1967), 3938-3941.

[32]L6venich C.J., Raffel B., A quantitative inviggttion of the effect of the recipe on the trimer-
yield in polyisocyanurate foam3, Cell. Plast42(4) (2006), 289—-305.

[33]Park D.H., Park G.P., Kim S.H., Kim W.N., Eftsmf isocyanate index and environmentally-
friendly blowing agents on the morphological, metdbal, and thermal insulating properties of

polyisocyanurate-polyurethane foariviacromol. Res21(8) (2013), 852—-859.

[34]Romero R.R., Grigshy R.A. Jr., Rister E.L. Bratt J.K., Ridgway D., A study of the reaction
kinetics of polyisocyanurate foam formulations gsieal-time FTIRJ. Cell. Plast41(4) (2005),
339-359.

[35]Modesti M., Lorenzetti A., An experimental methfor evaluating isocyanate conversion and

trimer formation in polyisocyanate-polyurethanensaEur. Polym. J37(5) (2001), 949-954.

[36]Hatchett D.W., Kodippili G., Kinyanjui J.M., Béncasa F., Sapochak L., FTIR analysis of
thermally processed PU foafplym. Degrad. Stal87(3) (2005), 555-561.

[37]Anderson J.C., Bou-Moreno R., The efficientts@sis of carbodiimides using a titanium imido
complex,Tetrahedror66(47) (2010), 9182-9186.

[38]Fazlur Rahman A.K., Nicholas K.M., Catalyticra@rsion of isocyanates to carbodiimides by
cyclopentadienyl manganese tricarbonyl and cycltgzkenyl iron dicarbonyl dimeietrahedron
Lett 48(34) (2007), 6002—6004.

[39]Kurzer F., Douraghi-Zadeh K., Advances in themistry of carbodiimidesshem. Rev67(2)
(1967), 107-152.



[40]Jackovich D., O'Toole B., Hawkins M.C., Sapokha, Temperature and mold size effects on
physical and mechanical properties of a polyuregtfaam,J. Cell. Plast41(2) (2005), 153-168.

[41]Bhattacharjee D., Engineer R., An improved teghe for the determination of isocyanurate
and isocyanate conversion by photoacoustic FIIRell. Plast32(3) (1996), 260-273.

[42]Peng S., Jackson P., Sendijarevic V., Frisdb. KPrentice G.A., Fuchs A., Process monitoring
and kinetics of rigid poly(urethane-isocyanuratgrhs,J. Appl. Polym. Sciv7(2) (2000), 374-380.

[43]Boyarchuk Y.M., Rappoport L.Ya., Nikitin V.NApukhtina N.P., A study of hydrogen bonding
in urethane elastomers by infrared spectrosc@plym. Sci. USSR(5) (1965), 859-867.

[44]Coleman M.M., Skrovanek D.J., Hu J., PainteZ.PHydrogen bonding in polymer blends. 1.
FTIR studies of urethane-ether blensligcromolecule®1(1) (1988), 59-65.

[45]Kollman P.A., Allen L.C., The theory of the hydyen bondChem. Revr2(3) (1972), 283-303

[46]Tanaka T., Yokoyama T., Yamaguchi Y., Quaniiatstudy on hydrogen bonding between
urethane compound and ethers by infrared specpgs¢oPolym. Sci. AB(8) (1968), 2137-2152.

[47]Silverstein R.M., Webster F.X., Kiemle D.JSpectrometric identification of organic

compoundsseventh ed., John Wiley and Sons, Inc, 2005.

[48]Seymour R.W., Estes G.M., Cooper S.L., Infrarstlidies of segmented polyurethane
elastomers. |. Hydrogen bondingacromolecule8(5) (1970), 579-583.

[49]Uscumlic G.S., Zreigh M.M., Mijin D.Z., Invegfation of the interfacial bonding in composite
propellants. 1,3,5-Trisubstituted isocyanuratesiaisersal bonding agentd, Serb. Chem. Soc
71(5) (2006), 445-458.

[50]Dabi S., Zilkha A., Copolymerization between moe and di-isocyanates by organometallic
catalystsEur. Polym. J17(1) (1981), 35-40.

[51]Semsarzadeh M.A., Navarchian A.H., Effects @@ OH ratio and catalyst concentration on
structure, thermal stability, and crosslink densifypoly(urethane-isocyanurate), Appl. Polym.
Sci 90(4) (2003), 963-972.

[52]Stirna U., Beverte I., Yakushin V., Cabulis Wiechanical Properties of rigid polyurethane
foams at room and cryogenic temperatude€ell. Plast47(4) (2011), 337—-355.

[53]Gilbert D.R., Index versus flammability in uneine modified isocyanurate foam systeths,
Cell. Plast.22(1) (1986), 69-79.



