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The significance of sample preparation i

of historical and contemporary poly(vinyl
chloride) objects to investigate the distribution
and changes of molar mass by SEC-MALS-dRI
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Abstract

The distribution of molar mass of historical and contemporary poly(vinyl chloride) objects was determined using
size exclusion chromatography with multi-angle light scattering detection. The weight average molar mass

was determined for a collection of 57 samples, ranging from 75 to 186 kg/mol with a median of 102 kg/mol. Rigid
PVC objects were found to have a significantly lower weight average molar mass (M,, =81 kg/mol) than plasticized
ones (M,, =102 kg/mol). Thin objects also exhibited significantly lower M,, than bulky objects. A substantial pres-
ence of aggregates was noted and characterized as an ‘aggregate ratio’for the entire collection. Heating a solution
of poly(vinyl chloride) in THF at 55 °C for 5 h proved successful in the dissociation of the aggregates and allowed
for an accurate determination of molar mass. The uncertainty of the M, determination was statistically evaluated
and used to study the effects of accelerated degradation on M,,. No statistically significant changes in M,,, were
observed in samples artificially aged at 50 °C to 80 °C for up to 15 weeks, indicating that M,, does not decrease dur-
ing degradation of a PVC heritage object and that accelerated degradation does not lead to polymer crosslinking.

Keywords Aggregates, Association, Size-exclusion chromatography, Gel-permeation chromatography, PVC, Heritage
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Introduction groups of compounds, such as plasticizers [4, 5], fillers,
Historical and contemporary poly(vinyl chloride) pigments, heat stabilizers, antioxidants, and biocides.
(PVC) objects are made of a polymer (PVC) and addi- Although PVC is used in a wide variety of objects [6]
tives, used to adjust material stability and performance (e.g. inflatables, sculptures, raincoats, toys and trinkets,
to the intended use of the item [1-3]. These are diverse  tubing) and PVC objects represent significant parts of
contemporary museum collections (a POPART collec-
tion survey found up to 13% of objects containing PVC
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[17], Ralph Borland’s Suited for Subversion (2002) [18],
Paolo Lomazzi, Donato D’Urbino and Jonathan De Pas’s
Blow Inflatable Armchair (1976) [19], etc.) The polymer
is commonly synthesized by suspension or emulsion
polymerization [2], which leads to the polymer having a
broad molar mass distribution [20]. The molar mass dis-
tribution and average molar mass (M,—number aver-
age, M,—peak, M,,—weight average, M,—z-average) of a
given polymer have a tremendous effect on the mechani-
cal and thermal properties of the polymer. A polymer
with a high molar mass is characterized by a higher glass
transition temperature (Tg) [21] and increased mechani-
cal properties, such as impact resistance and tensile
strength [22]. The M,, of certain polymers is believed
to correlate with their mechanical [23, 24] properties
(e.g. fibroin from silk [25]). Various polymer properties
such as structural irregularities originating from allylic
and tertiary chlorines (branching points) arise from
the polymerization process and act as starting points of
dehydrochlorination [1, 26-29], which the polymer is
prone to. Dehydrochlorination is a thermal reaction that
results in the formation of polyene sequences that cause
yellowing [30-34].

The molar mass of PVC is routinely determined by
size exclusion chromatography (SEC) with a differen-
tial refractive index detector (dRI) using conventional
calibration with narrow molar mass standards (most
commonly polystyrene (PS), polybutadiene (PBD), poly-
isoprene or poly(methyl methacrylate) (PMMA)) [35].
In conventional calibration, the logarithm of the molar
mass is plotted against the elution volume. Narrow PVC
standards are rare and difficult to obtain, therefore nar-
row PS standards are commonly used, and the calculated
molar mass is reported as “relative to a narrow PS stand-
ard”. The obtained values are of limited accuracy because
of the assumption that the analytes have the same con-
formation and hydrodynamic volume as the calibration
standards and it relies on the stability of the elution time
[35, 36]. For better accuracy, universal calibration with an
online viscometer can be used. In such cases, the Mark-
Houwink coefficients for the analyte and the standards in
the eluent must be known, although the method is still
limited due to frequent calibrations needed to correct
for flow rate drift, temperature fluctuations, and column
deterioration.

Accurate determination of molar mass is of great
importance for investigating degradation-induced
changes to the polymer chain. SEC with multi-angle
light scattering detection (MALS) and differential
refractive index detector (dRI) as a concentration
detector is the most reliable technique for studying
such changes [37]. SEC-MALS is an absolute technique
for the determination of molar mass and the average
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root mean square radius (RMS) of the macromolecules
in a solution that does not depend on the molecu-
lar conformation or non-ideal column interactions,
as elution time or volume are not used in the molar
mass calculations [35, 37, 38]. A laser beam irradiates
a molecule and causes it to scatter the light at different
angles. Based on the Zimm formalism, the Rayleigh-
Debye-Gans light scattering model for a dilute polymer
solution can be expressed by Eq. 1,

K*c 1

Ry = m + 245¢, (1)
describes how the M, and the RMS radius are measured
from light scattering, where the intensity of the scattered
light is expressed as the excess Rayleigh ratio (R, cm™)
for each of the multiple angles around the molecule,
¢ is the concentration of the polymer, K* is the optical
constant proportional to (dn/dc)? and A, is the second
virial coefficient. Plotting K* ¢/R, against ¢, the y-inter-
cept is inversely proportional to the M,, and the slope is
inversely proportional to the RMS radius.

According to the literature [39-41] PVC dissolved in
THF tends to form high molar mass particles. This phe-
nomenon is termed aggregation, multimerization or
association [42]. Aggregates are clusters of single polymer
chains that are entangled or clumped together through
physical interactions and recognized by a narrow peak
eluting before the main polymer fraction in the MALS
detector. In the case of PVC (and also in poly(ethylene
oxide) [43]) no dynamic equilibrium between aggregates
and individual polymer chain exists, therefore dilution of
a polymer solution does not lead to the aggregates’ dis-
sociation [44]. In this work, aggregation refers to aggre-
gates that show no concentration dependence and can be
broken up by using heating or solvent modifiers, making
them distinctly different from high-molar mass polymer
fractions [35, 45]. In contrast, irreversible aggregates
(as encountered in protein aggregation or denatura-
tion) cannot be broken up using heating and exhibit a
concentration dependence (increased aggregation with
increasing concentration). PVC exhibits small amounts
of aggregates in thermodynamically good solvents (THF,
cyclohexanone, THF with<40% allyl alcohol), while
large amounts of aggregates [46] are present in thermo-
dynamically bad solvents (y-butyrolactone, anisole amyl
acetate, dichlorobutane, mixtures of THF with>40%
allyl alcohol). In THE, the aggregates are usually pre-
sent in amounts <0.01% [46], so they are rarely observed
in conventional SEC analysis with the dRI detector, but
are easily detected by SEC-MALS due to intensive light
scattering, and can lead to molar mass overestimation.
Therefore, for accurate molar mass determination aggre-
gates need to be dissociated into individual molecules.
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In 1972, a study by Abdel-Alim and Hamielec [40]
noticed the appearance of aggregates in a solution of
PVC in THF with an apparent molar mass of 11-25-
times that of a single molecule using SEC with a light-
scattering detector. With a lower temperature of bulk
polymerization, the amount of aggregates formed in the
solution increased. A higher polymerization temperature
was connected to the production of PVC with low syn-
diotacticity (measured by NMR) and low crystallinity. A
10-min treatment of the THF solution at 90 °C was pro-
posed to disintegrate the aggregates into single strands
[39]. In 2006, Coelho et al. [41] proposed using a 1-h
ultrasonic treatment to break up the aggregates. Heat-
ing a THF solution above its boiling point would require
specialised glassware and may lead to unwanted thermal
degradation of the polymer, while using sonication could
lead to shearing degradation. The process of dissolution
of aggregates required optimisation and validation to
make it appropriate for studying a large collection and
investigating changes during degradation.

Thermal degradation of PVC proceeds by the elimina-
tion of hydrogen chloride and leads to the formation of
polyene sequences [26, 47, 48]. The mechanism of poly-
mer degradation and its effects can be better understood
by investigating changes in the molar mass of PVC sam-
ples before and after accelerated degradation, which
requires accurate molar mass determination with SEC-
MALS-dRI. The molar mass of the polymer was shown to
play a smaller but contributing role in the discolouration
of PVC objects [47].

The first objective of our research was to establish a
protocol to dissociate the aggregates that would work for
a wide variety of PVC samples. The effect of heating and
sonication times were compared and statistically evalu-
ated to determine the uncertainty of the method, which
proved to be critical in interpreting possible changes in
molar mass due to the thermal degradation of the sam-
ples. The second goal was to gain a fundamental insight
into heritage PVC collections and their degradation by
the characterisation of 57 PVC objects with unknown
histories, different compositions, item types, and deg-
radation states and evaluating these results in terms
of grouping by historical/contemporary, with/without
plasticizer, thin/bulk, and with/without filler. Lastly, we
aimed to determine the effect of the accelerated degrada-
tion on the molar mass of the polymer.

Experimental

Materials

Inhibitor-free HPLC-grade tetrahydrofuran (THF) was
purchased from Chempur (Poland). Syringe filters (PTFE,
0.45 um) used for sample filtration were supplied by Bio-
space (Poland). The analysis was carried out on part of a
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collection of PVC objects described previously [49]. The
data obtained as part of the study is available as Addi-
tional file 1.

Reference collection of historical and contemporary PVC
objects

In this study, more than 55 PVC samples from the ref-
erence collection available at the Heritage Science Lab
Ljubljana were analysed to gain insight into the distribu-
tion of molar mass. The objects are up to 30 years old and
have an unknown production and storage history. They
are inflatable objects, flat sheets, figurines, raincoats and
rain boots with different material compositions in terms
of plasticizer and filler. Since they cover a wide range of
compositions, they could be considered representative
of heritage collections whose distribution of molar mass
is largely unknown. Some of the historical transparent
sheet protectors exhibited discolouration ranging from
slight to intense yellow. One sample (P238A) was very
brittle and had cracks. A more detailed description of the
reference collection is available in the Additional file 1:
Table S1.

Accelerated degradation

Selected sacrificial PVC objects were subjected to accel-
erated degradation at the following conditions: 50 °C
and 30% relative humidity (RH), 50 °C and 80% RH,
70 °C and 30% RH, 70 °C and 80% RH in Votsch climate
chambers VC 0018 and at 80 °C with no humidity con-
trol (estimated <7% RH) in Venticell 55 air dryer with air
circulation.

Optimization of sample preparation for SEC-MALS analysis
Approximately 4 mg of a sample were accurately weighed
and dissolved in 4 mL of THF to form a solution with a
concentration of 1 mg/mL. 1 mL of the solution was then
filtered through 0.45 um PTFE filter into an HPLC vial
and analysed with SEC-MALS-dRI. The vial with the
remaining solution was placed in an oil bath heated to
55 °C or into an open ultrasonic bath Bandelin Sonorex
(35 kHz) for different periods of time.

Size exclusion chromatography and molar mass calculation
SEC analyses were performed using Waters Breeze HPLC
system consisting of 1515 isocratic pump, 717 +autosa-
mpler, columns oven, multi-angle light scattering (Dawn
Heleos, Wyatt Technology) and differential refractive
index detectors (t-rEX, Wyatt Technology), both working
at 658 nm wavelength. Tetrahydrofuran was used as the
mobile phase at 1 mL/min. PVC solutions were injected
(100 pL volume) into two mixed-bed DVB Jordi columns
(25X1 cm, separation range 100-10,000,000 g/mol),
equipped with a Jordi precolumn. The columns and dRI
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detector’s cell were maintained at 30 °C. The collected
data were processed in Astra 6.1.1.17 software (Wyatt
Technology). For the calculation of molar mass from
Rayleigh equation, a dn/dc value equal to 0.100 mL/g
was used. Light scattering data were fitted according to
Zimm’s formalism (Eq. 1).

Colour difference

The colour of the original PVC1 sample and PVCI after
accelerated degradation was measured using a Color-
Quest XE instrument (HunterLab) equipped with a
standard illuminant C and expressed in the CIELAB col-
our space. Each measurement was performed in triplicate
and averaged. The yellowing index (Ab*) was determined
on the basis of *b parameter, which ranges from -120
(blue) to+120 (yellow). The colour difference AE, was
calculated according to the CIEDE2000 definition [50].

Results and discussion

The goal of this research was to optimize sample prep-
aration for accurate and precise determination of the
molar mass of PVC objects using SEC-MALS-dRI. SEC
columns for organic applications are usually packed
with styrene—divinylbenzene gels of specific pore sizes
that enable the analysis of polymers in a selected molar
mass range without them interacting with the stationary
phase. In SEC-MALS-dRI, the molecules are first sepa-
rated according to their hydrodynamic size and then an
online light scattering detector determines their molar
mass according to the Zimm formalism (Eq. 1) as they
elute. During the initial analysis of certain PVC sam-
ples, intense scattering, characteristic for the presence of
aggregates was observed. The polymer strands, which are
part of the aggregates, are excluded from the main peak
and thus not evaluated, which can lead to the inaccurate
characterization of the sample. Therefore, the aggregates
need to be broken up before analysis. After the procedure
was optimised, a larger group of diverse and real samples
was analysed, which can give an insight into the distri-
bution and trends expected in heritage collections. The
presented research work uses SEC-MALS-dRI to evalu-
ate the molar mass of PVC in various objects, statistically
examines where the aggregates are likely to be found and
investigate the effect of thermal degradation on the molar
mass of the polymer.

Optimisation of sample preparation for accurate
determination of molar mass

Aggregates often occur in polymers with high molar
mass, polymers with crystalline regions and branched
polymers [35, 36]. Intense scattering, characteristic for
aggregates, was observed in several PVC objects from the
investigated collection (Fig. 1). They were found to have
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Fig. 1 The intensity of aggregates in the solution of sample PVC2.
The curved lines correspond to the intensity of the light scattering
signal, while the straight lines present the molar mass of the fraction
eluting at the time. The single polymer strands elute as the fraction
with an apex at 18.5 min, and the aggregates elute as a fraction

with an apex at 15.5 min. The relative signal for aggregates decreases
with longer heating times and eventually becomes a shoulder

of the main fraction. Trace amounts of aggregates are still visible
with the MALS detector, which do not contribute to a miscalculated
M,,, because the signal on the dRI detector is negligible

M,, of 1 000-3 000 kg/mol with a hydrodynamic radius
of 35 nm, i.e., they consisted of 10-30 individual poly-
mer strands, which made them very compact. It is rec-
ommended to use long periods of dissolution or elevated
temperature to break them up.

In 1967, Kratochvil et al. [46] have investigated the
aggregates formed in solutions of PVC with thermody-
namically good and bad solvents by light-scattering and
sedimentation analysis. They have noted that heating
a PVC solution prepared in a good solvent (2 h at 55 °C
for THF and 1 h at 80 °C for cyclohexanone) reduced the
light scattering (LS) intensity by 10-50% but have not
evaluated the procedure for dissociating the aggregates
more thoroughly. As indicated by the literature reviewed,
researchers have mainly used short heating times to tem-
peratures above the boiling point of THF [39, 40] or soni-
cation [41, 51]. The results of such approaches need to be
carefully examined, especially when studying the changes
to molar mass caused by degradation at low temperatures
(up to 80 °C). Many previous studies were performed on
a limited number of samples of similar origin (purpose
made samples) and should be tested on a broader group
of PVC objects. Initially, 1-h sonication was taken as a
starting point from Coelho et al. [41], which proved to be
insufficient for the analysis of the samples in our collec-
tion of PVC items. Mechanical agitation [35] can cause
shear degradation and should be used with caution. Soni-
cation was also accompanied by an increase of tempera-
ture. When the ultrasonic bath was used without a lid,
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the temperature reached 45 °C for 1 to 12 h of sonication.
Therefore, the effects of heating and sonication times on
aggregate dissolution were systematically studied.

Two sacrificial PVC objects were selected from the
reference collection as model samples for establishing
an appropriate procedure for dissolving the aggregates.
PVC2 is a thin contemporary transparent sheet that
exhibited significant MALS signals in solution due to the
presence of aggregates, while PVCM is an inflatable con-
temporary beach ball that exhibited minor MALS signals
in solution due to the presence of aggregates. The whole
object list and descriptions are available in Additional
file 1: Table S1. Three independent replicates for each
heating and sonication time were prepared for two PVC
objects. The following heating and sonication times were
tested: 1, 3, 5, 8, 12 h (Fig. 1).

The determined M,, of the sample PVC2 after the
preparation steps are given in Fig. 2. The apparent M,,
decreased with longer times of heating and sonication.
A significant decrease in M,, was observed for the heat-
ing times of 1 and 3 h (ANOVA results in the Addi-
tional file 1: Table S2), but no significant differences are
observed after 5, 8 or 12 h. A plateau was observed after
5 h of heating and after 8 h of sonication (Fig. 2). Based
on these results, heating the solutions for 5 h at 55 °C was
chosen as the general procedure to dissociate the aggre-
gates. Figure 1 shows that small amounts of aggregates
can be detected with MALS even after the proposed 5 h
of heating, which did not affect the correct determina-
tion of M,, because the dRI signal for this fraction was
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negligible and thus it did not contribute significantly to
M,,. Shorter times of treatment are preferable to avoid
the risk of degradation and for practical reasons. Long
sonication times can be particularly problematic, as they
can lead to shear degradation of the polymer [35]. No
degradation was observed at any of the tested heating or
sonication times tested. The uncertainty of the method
was determined as the pooled standard deviation of
the measurements at heating times 5, 8 and 12 h, which
was £2250 g/mol (2.25% coeflicient of variation). Sam-
ple PVCM, which initially displayed fewer aggregates,
behaved similarly. The results confirmed that heating at
55 °C for 5 h successfully broke up the aggregates (Addi-
tional file 1: Fig. S1).

The proposed procedure to dissociate aggregates was
proved to be successful even for samples with larger
amounts of aggregates. For example, in the solution of
object P124 (a rain boot), enormous amounts of aggre-
gates are present initially, which are completely broken
up after heating (Fig. 3 A). The molar mass plot (diagonal
data set overlayed on chromatograms) shows the possi-
ble mischaracterisation if the aggregates were not broken
up. In Fig. 3B a conformation plot is presented, referring
to the relation between the root mean radius of a poly-
mer and the corresponding molar mass. This plot is of
practical use when describing macromolecular architec-
ture and investigating possible branching. The RMS vs
molar mass plot initially exhibits a lower and a noticeable
upwards curvature at the low molar mass region. With
increased molar mass, the RMS does not change linearly,

120+

of T4

1104

100

M,, (kg/mol)

954

90 4

85

80

Tt

Treatment
-®- Heating (55°C)
-®- Sonication

e
RRIRS

6 8 10 12

Time (h)
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Fig.3 A An elugram of P124 presented as the detected molar mass vs. elution volume before (black line) and after (red line) heating for 5 h
at 55 °C. B The RMS conformation plot before (black line) and after (red line) heating for 5 h at 55 °C. Before the heating, fractions with a high molar
mass and a uniform RMS can be observed. After heating, the aggregates are broken up to single chains, which exhibit a linear relation of RMS vs.

molar mass

suggesting a more compact structure of a polymer mol-
ecule. After the thermal treatment (5 h at 55 °C) the plot
is clearly linear, and the slope value is higher. It served as
an additional proof that the aggregates have been broken
up during heating. It is worth noting that the RMS curve
indicates a slope value<0.5 even after heating the PVC
solution, which is characteristic of branched polymers
[35]. This was observed for the whole analysed collection
as well as for the samples exposed to accelerated degra-
dation. Therefore, it appears that the samples exhibit
some degree of branching from the very beginning. It
was not possible to detect further evolution of branching
or crosslinking with polymer state of degradation.

Analysis of aggregates in the PVC reference collection

To provide a better description of the frequency and
extent of the aggregates in PVC, an “aggregate ratio”
was determined. The aggregate ratio was determined as
the ratio of the height of the aggregate fraction and the
height of the main polymer fraction of the LS detector for
solutions that did not undergo any heating or ultrasound
treatment. The concentration dependence of the aggre-
gate ratio was also investigated (Additional file 1: Fig. S2).
It was found that the absolute signal on the MALS detec-
tor for aggregates increases with increasing the PVC con-
centration, but the aggregate ratio remains constant with
concentration. As such they are assumed to be formed
during the dissolution process. The observed concentra-
tion dependence could be due to either dilution of both
single chains and aggregates or a dynamic, reversible pro-
cess of aggregation. The solutions remained stable for 1
week after heating, and aggregates no longer appeared. It
can be concluded that the aggregates are not in dynamic

equilibrium with the individual polymer chains and are
formed by the dissolution process.

The aggregate ratio was calculated for 57 PVC objects
in the collection before heating the solutions for 5 h at
55 °C and rounded to one decimal place (Additional file 1:
Fig. S3). Aggregates were detected in all PVC objects
studied, and the ratio> 0.2, which can be considered dis-
ruptive of an accurate M,,, was present in 63% of the col-
lection. 9% of the collection had an aggregate ratio>1.
After the proposed treatment, the aggregate ratio of all
the samples was<0.1, which gives accurate results for
the M,,. An example of an elugram of a sample with sub-
stantial amounts of aggregates with the determined M,,
before and after heating is presented in Fig. 3A.

The investigated objects were categorized according
to 4 different descriptions (Fig. 4), such as whether they
were contemporary (10; purchased in the last 5 years)
or historical (47; older than 20 years), whether they had
filler (22; calcium or titanium based) or not (35), whether
the objects contained plasticizer (49) or not (8), and
whether the objects were thin (34;<0.5 mm) or bulky
(23;>2 mm). A Wilcoxon-Mann—Whitney test at the 0.05
significance level was used to compare the distribution of
the aggregate ratio of the non-heated solutions accord-
ing to the categories. PVC objects with plasticizers were
found to have a significantly different aggregate ratio dis-
tribution from rigid PVC (p=0.05, Fig. 4). The other cat-
egories showed no significant difference in the aggregate
ratio.

Figure 5 presents the lack of correlation between
the M,, and the aggregate ratio. Therefore, it can be
assumed that short and long chain molecules are
equally likely to form aggregates. As mentioned in
the Introduction section, tacticity (regulated by the
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Fig. 5 Aggregate ratio vs. determined M,, shows no relation, meaning t

temperature of polymerization) is considered as the
main factor contributing to a higher or lower abun-
dance of high molar mass clusters even in dilute
solutions of PVC. Judging by the wide range of the
aggregate ratio determined in the PVC objects from

hat short and long chain molecules are equally likely to form aggregates

our collection, different polymerization processes were
likely used. This, again, highlights the need for aggre-
gate removal from PVC in solutions, as the parameters
of the polymerization process are unknown for the
majority of historical and most of contemporary PVC
objects.
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Molar mass of historical and contemporary PVC objects
The determined weight average molar mass of 57 PVC
objects ranged from 75 to 186 kg/mol with a median of
102 kg/mol and a mean of 105 kg/mol (Additional file 1:
Fig. S4). The results are presented in Additional file 1:
Table S1 and Fig. 6. Pepperl [20, 52] has reported the M,
ranges of PVC according to the polymerization technol-
ogy by using narrow PS standards and the Mark-Hou-
wink coefficients for PVC. Suspension polymerization
produced PVC with a M, in the range of 38-179 kg/mol,
emulsion polymerization produced PVC with the M,,
in the range of 62-131 kg/mol and bulk polymerization
produced the M,, in the range of 53-78 kg/mol. While
the origin and the polymerization technology of the PVC
objects in the studied collection are unknown, we can
conclude that most of the objects were produced using
suspension or emulsion polymerization.

The investigated objects’ characteristics were catego-
rized according to 4 different descriptions, described in
the previous section. A preliminary look at the histogram
and the Shapiro—Wilk normality test demonstrated that
the data of M,, does not follow a normal distribution at
the 0.05 significance level (p=0.00001). Therefore, the
non-parametric Wilcoxon—Mann-Whitney tests were
carried out to compare the distribution of the M,, of the
samples according to the following categories: Historical/
Contemporary, Filler/No Filler, Soft (Containing plasti-
cizer)/Rigid (no plasticizer) and Thin/Bulk at the 0.05 sig-
nificance level. The results of the test (Fig. 6) show there
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are no significant differences in the distribution of M,, of
samples according to the category historical/contempo-
rary and at the filler/no filler category. On the other hand,
rigid PVC objects (median M,,=81 kg/mol) were found
to have a significantly different M,, from PVC objects
with plasticizers (median M,,=102 kg/mol; p=0.0005).
A significant difference in M,, was observed when com-
paring thin objects (median M,,=93 kg/mol) with bulk
objects (median M,,=105 kg/mol; p=0.004). Low molar
mass PVC resins are used in the manufacturing of rigid
objects due to the lower required temperature and less
danger of shear degradation during processing. High
molar mass PVC resins have a higher viscosity, so they
are used in combination with plasticizers to produce soft
PVC [1]. Compared to the PVC produced in the 1980s,
with a number average molar mass (M,) in the range of
35-80 kg/mol, the commercial polymers produced today
were reported in the range of 20-70 kg/mol [1]. In this
study, PVC with a M, of 45-120 kg/mol was observed,
although a direct comparison of values is not possible
due to the different principles of determination of the
M,,. This kind of preference for lower M,, PVC resins
might also explain the observed differences in thin PVC
sheets, which are made with calendering [2].

Another characteristic of a polymer is its polydisper-
sity index (PDI), which describes the non-uniform mass
distribution of polymer molecules. It is calculated as
PDI=M,, /M,, so a uniform polymer has a PDI=1, while
values>1 are characteristic of non-uniform polymers.
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Fig. 6 A boxplot for the distribution of the M, for the 57 PVC objects in the investigated collection. On the left the M,, of the whole collection
is presented, while on the right of it, the distributions of the M, of objects according to the categories are presented. Dashed lines separate

different categories by which the objects were compared
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The dispersity of PVC objects in this study ranged from
1.4 to 1.8 with a mean and a median of 1.6 (Additional
file 1: Fig. S5). A study reported a linear increase of PDI
with increasing M,, [20, 52], while the results of our study
show no such correlation (Additional file 1: Fig. S6). Their
observations were likely based on the combination of
specific technological processes and processing condi-
tions, but the relation is not expected to hold for a gen-
eral mixed collection of PVC objects.

Changes in M,, during degradation

The accuracy of an analytical method is crucial in inter-
preting degradation-induced changes to the molar mass.
Optimization and repeatability tests showed that the
method’s uncertainty was+2250 g/mol (2.25% coeffi-
cient of variation). Since the PVC objects in the collec-
tion and the pieces exposed to accelerated degradation
were available in limited amounts, the samples were ana-
lysed once. The two standard deviation rule was selected
as the significance criteria when comparing the M,, of an
original object and a piece of it exposed to accelerated
degradation (+4500 g/mol). The results are presented
in Fig. 7. The conditions and time of accelerated degra-
dation are presented in the legend of Fig. 7. A Ab*=26
and AEy,=25 were determined for PVC1 after 10 weeks
of accelerated degradation at 80 °C. In 2001, a AE, value
of 1.5 has been proposed as a ‘perceptible change’ and 10
perceptible changes have ben used as defining an object’s
lifetime [53]. Additionally, a Ab*=15 was recently
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proposed as the lifetime of transparent colourless PVC
objects [47]. Therefore, looking at the PVC1 object from
a perspective of colour change in the heritage context it
could be considered already past its lifetime, but no sig-
nificant changes in M,, could be determined.

There are few reports investigating changes in M,, of
PVC objects that are not focused on a specific case study.
Kratochvil et al. [46] have exposed a solution with no ini-
tial aggregates to high oxygen pressure and heating to
50-80 °C and observed that a high content of high molar
mass fractions was formed during degradation (using
SEC-MALS). These high-molar mass fractions were sta-
ble at elevated temperatures. High oxygen pressure and
heating led to oxidative degradation by crosslinking of
the polymer. Covalent bonds were formed during the
oxidative degradation, which makes these high molar
mass entities different from the reversible aggregates.
Crosslinking in PVC also occurred when heating a solu-
tion at 120 °C for 3 h [54], as determined using calibration
with narrow PS standards and Mark-Houwink param-
eters for PVC. An accelerated weathering test carried
out at 50 °C for 80 days with included UV degradation
revealed a simultaneous decrease of M, and crosslinking
of a polymer, based on SEC performed with calibration
with narrow PS standards [55]. PVC was also exposed
to a weathering test at 100 °C with light irradiation and
cyclic spraying of water for 125 days and no changes to
M,, were observed when using narrow PS standards for
calibration [56]. These kinds of studies rarely report the
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Fig. 7 The effect of accelerated degradation on the M,, of a PVC object. The difference in M,, for an object after and before accelerated degradation
is plotted and compared against two standard deviations (+4500 g/mol). The conditions and time of accelerated degradation are presented

in the legend, with the time of degradation expressed in weeks (w)
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accuracy of their determined M, which is critical in
interpreting significant changes. Crosslinked products
were not present in the objects included in this study,
proving that thermal degradation in the solid state of an
object with temperatures up to 80 °C led to no crosslink-
ing and is suitable for accelerated degradation experi-
ments. All of the studied objects were made of slightly
branched PVC, and no changes to the branching was
observed during degradation (Additional file 1: Fig. S7).

Conclusions

The presence of high molar mass fractions on the MALS
detector was studied and the fractions were identified as
reversible aggregates. The presence of aggregates in PVC
solutions was investigated for a collection of 57 objects
by establishing an aggregate ratio, and the characteristic
properties of the aggregation process were explored. In
this work, a sample preparation procedure based on ther-
mal pre-treatment prior to analysis is proposed for the
accurate determination of the molar mass of historical
PVC samples using SEC-MALS-dRI. The effect of heating
time on the molar mass was investigated and statistically
evaluated to determine the uncertainty of the method. It
was found that heating the solution to 55 °C for 5 h suf-
ficiently breaks up the aggregates for all the PVC objects
studied. The weight average molar mass determined for a
collection of 57 PVC samples ranged from 75 to 186 kg/
mol with a median of 102 kg/mol. The approach pre-
sented here may also be useful for the dissociation of
aggregates in other polymer—solvent systems. In addi-
tion, the methodology developed, in conjunction with a
reliable and accurate SEC-MALS analysis, allowed us to
study the differences in molar mass due to accelerated
degradation. No significant changes in M,, were observed
during the accelerated degradation of samples exposed to
50-80 °C for up to 10 weeks. An interesting observation
can be made based on the sample exposed to 80 °C for
10 weeks, that no significant change in the M,, occured
during the lifetime of a heritage object i.e., when signifi-
cant yellowing was observed. This is the first reported
characterization of a wide variety of PVC objects and
provides insight into the so far unknown distribution of
M,, in heritage collections. Statistical analysis of the dis-
tribution of the determined M,, showed that rigid PVC
has a significantly lower M,, than plasticized PVC, which
was also true for thin objects compared to bulky objects.
In contrast, the distinction between contemporary and
historical, and the presence of fillers was not significant.
The proposed methodology and uncertainty guidelines
could be transferrable to investigating changes to molar
mass due to UV degradation of PVC (crosslinking) and
the degradation of other polymer types.
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In future research focused on the thermal degra-
dation of PVC objects, the degradation of the poly-
mer fraction could be studied with more sensitive
and specific approaches, e.g., by focusing on the gase-
ous emissions of HCI and the formation of polyenes.
Future research work will also focus on the changes of
mechanical properties of the material, where the sta-
bility of M,, will be critical for constructing a suitable
model.

Abbreviations

dRl Differential refractive index detector
LS Light scattering

MALS Multi-angle light scattering

M, Number average molar mass

M,, Weight average molar mass

M, Z-average molar mass

PS Polystyrene

pvC Poly(vinyl chloride)

SEC Size-exclusion chromatography
RMS Root mean square radius
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