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Abstract

Due to the coating materials used, historic raincoats are vulnerable to degradation and rarely survive long periods of
time. The investigated raincoat dating from 1943 is no exception—the coating is unusually stiff and flaking off in areas
around folds and cracks. Study into its material composition can contribute to important knowledge of the availability
of materials for waterproof clothing during the time of the German occupation of Denmark (1940-1945) when the
usual materials for raincoats, cotton fabric and rubber, were in short supply. Optical microscopy and attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) identified the fabric to consist of rayon staple fibres
and paper yarn, and the coating to be based on cellulose nitrate (CN) lacquer and an unknown plasticiser. Though
the results are atypical for a raincoat, they are in good accordance with the raw materials available in Denmark in
1943. Analysis by matrix-assisted laser desorption-ionisation mass spectrometry (MALDI-MS), and "H and '3C nuclear
magnetic resonance spectroscopy (NMR), identified the plasticiser as poly(1,3-butylene) adipate. Powder X-ray diffrac-
tion (PXRD) moreover identified the pigment as titanium white of the anatase form. By historical discussion, this study
argues that IG Farben is the likely producer of poly(1,3-butylene) adipate, even though the first known marketing of
the plasticiser is from 1986 where the Swiss firm Ciba-Geigy introduced poly(1,3-butylene) adipate as a plasticiser for
PVC cling films under the tradename Reoplex® 346. The results give an interesting insight into the use of substitution

products during WWII and provide new information on polymer science of the time.
Keywords: Rayon staple fibres, Paper yarn, Cellulose nitrate lacquer, Poly(1,3-butylene) adipate, Buna, IG Farben

Introduction

When Denmark was occupied by Germany on 9 April
1940, the country was immediately cut off from other
countries that traditionally had supplied a great deal
of raw materials. Denmark became dependent on trade
that in many ways, was adapted to the German needs
[1]. During the five-year period of the German occu-
pation, many substitute products were traded, which
had not been traded before and did not continue to be
traded after WWII when raw materials were available
again. Many of these substitute products were experi-
mental and often created to fulfil immediate needs. Many
of them were made with relatively short-lived materials,
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or materials that were not made for the task in the first
place. As such, items which have managed to survive
until today are typically in a poor condition. However,
they should be considered an important testimony of that
time and give a first-hand insight in the creative handling
of the scarce resources available. A woman’s fashion rain-
coat from Glud Museum, Denmark, dating from 1943 is
no exception (Fig. 1). The raincoat, about 100 cm long,
is made of a rather coarse and relative open fabric and
the weave can be seen clearly through the light, beige
coloured coating (Fig. 1a). The raincoat has a dog col-
lar, snap fasteners made of metal, a belt and metal eye-
lets under the armpits to allow for ventilation. Inside, the
raincoat is provided with the number “100” and a trade-
mark that is smeared and barely readable (Fig. 1b). Today
the raincoat is unusually stiff, and the coating is flaking
off around areas of folds and cracks.
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showing the white warp and the brown weft

Fig. 1 The raincoat from Al Hansen and details of a the coating by the non-sealed seam of the pocket and b the fabric by the smeared trademark
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Fig. 2 Interior view of the clothing store Al Hansen, 1943.
Photographer unknown. Photo: Vejle City Archives

The raincoat was originally purchased by the clothing
store Al Hansen in Vejle, probably with the intention
of resale. AI Hansen sold mainly knitwear and yarns
but during the occupation, other products were sold as
well, in order to fill the shelves (Fig. 2). However, the
raincoat was never sold, but stored in the loft of the
store until it was given to the open-air Museum in Glud
in 1989. The grandchild of the founder of Al Hansen,
Anders Jorgen Hygebjerg-Hansen, who took over the

store in 1966, mentions the raincoat in his memories:
“Then comes WWII with a shortage of goods (...) A
raincoat made of paper yarn, which was lacquered to
become waterproof, did we keep for long in memory of
that time. Now it is at Glud Museum” [2].

As the quote from Hygebjerg-Hansen suggests, being
able to provide women’s fashion rainwear during the
occupation must have been a challenge. Up until the
occupation, the most popular women’s rainwear in
Denmark was rubber coats. Other kinds of rainwear
such as impregnated coats and oil skins, were mainly
for men’s rainwear and workwear [3]. Rubber was in
scarce supply and reserved mainly for the tires and
tubes of bicycles [1, 4]. Moreover, during the occupa-
tion, Denmark was cut off from the most important
fibre for textile, cotton [1].

Using various state-of-the-art analytical techniques,
this study investigated the raw materials of the raincoat
and looked at their availability in Denmark during the
occupation period. Of all clothing, raincoats are some of
the most vulnerable and complex, due in particular to the
coating materials, which are often prone to degradation
[5]. Probably not many raincoats from the war period
have survived to our days. However, they constitute an
interesting study on the availability of materials and the
creativity of the textile industry in a time of restrictions.
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Experimental
Samples
Two samples were taken from the raincoat. Sample 1 of
approximately 2 x 3 mm was carefully cut from the lifting
coating using a scalpel and tweezers (cf Additional file 1:
Fig. S1). This sample allowed FTIR-ATR analysis on the
part of the coating turning towards the fabric, that may
differ in composition from the topside of the coating.
Sample 2 (approximately 6 x 10 mm) was cut out from
a seam allowance with scissors. The seam allowance
included the selvedge of the fabric in plain weave (cf
Additional file 1: Fig. S2). The selvedge is reinforced by
a double thread in the warp direction and differ from the
main fabric, where the warp is single (Figs. 1b and 3).

Chemicals
All solvents, including CDCl;, were obtained from
Sigma-Aldrich Denmark A/S and used as received.

Extraction and separation

Sample 1, comprising only the coating, was analysed
on both sides with ATR-FTIR without further treat-
ment. Sample 2 underwent further chemical treat-
ment to separate and analyse its different components,
based on the FTIR results of sample 1. The analytical
results of sample 1 showed the presence of a cellulose
nitrate (CN) based coating and an unknown plasticiser
(see results section below). Different from most other
organic materials, CN is insoluble in chloroform, and
this was exploited to extract the plasticiser from the
coating. Sample 2 was placed in a 5 ml glass vial and
just enough chloroform was added to cover the sample.

Page 3 of 10

The next day the sample was taken out, and the chlo-
roform allowed to evaporate at ambient temperature
in a fume hood. The extracted plasticiser left over after
evaporation consisted of a clear fluid. The loss of plas-
ticiser was observed in the sample by cracking and
shrinking of the CN-coating (cf. Additional file 1: Fig.
S3). The remaining CN coating was still adhering firmly
to the fabric after the extraction of the plasticiser. To
remove the CN coating from the fabric, the sample was
placed in a glass vial and covered with ethyl acetate that
readily dissolved the CN coating. By repeating the pro-
cedure, the fabric was washed free of the coating. The
first washing, that contained the highest concentration
of coating material, was centrifuged for a few minutes
to separate the pigment from the solution. The solution
was removed to a watch glass with a glass pipette, and
the liquid left to evaporate in a fume hood at ambient
temperature. After evaporation, the solid was scraped
free from the watch glass with a scalpel and analysed
by FTIR. The procedure was repeated a couple of times
to remove residual CN material from the pigment that
was subsequently analysed by PXRD. After the fabric
was washed free of CN, the warp and weft could easily
be separated and analysed under the microscope and by
FTIR.

Optical microscopy

The white fibres of the weft were studied under trans-
mitted light with a Leica DMRB optical microscope with
magnifications up to 200x. Sample 2 was photographed
with a Dino-Lite Digital Microscope FC-Z-OC2.
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show longitudinal striations characteristic of viscose rayon (b)

Fig. 3 Dino-Lite photo of the fabric (sample 2) after chemical removal of the coating. The sample includes the selvedge which is reinforced by a
double warp. The unfolded weft consists of a paper strip of approximately 5 mm in width (a). In transmission microscope, the fibres of the warp
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Centrifugation
Centrifugation was carried out with a Savant SpeedVac
Concentrator. Neither vacuum, nor heat was applied.

ATR-FTIR

Spectra were recorded on a Nicolet iS5 FTIR-spec-
trometer from ThermoFisher Scientific, equipped with
an attenuated total reflectance (ATR) unit with a mono-
lithic diamond crystal. Spectra were recorded in the
range from 4000 to 650 cm™! with a spectral resolu-
tion of 4 cm™! and 60 accumulations. The spectra were
compared with spectral reference data in the database
of OMNIC and OMNIC SPECTRA.

NMR

NMR measurements (*H, *C{'H}, and 'H-'H COSY
(GP)) were carried out using a 500 MHz Bruker instru-
ment with a cryoprobe. CDCIl; solvent signals were
used for calibration (CDCl;: 7.26 and 77.16 ppm for
'H and 13C, respectively). The measurements were per-
formed at ambient temperature. Number of scans were
16 for 'H and 32 for *C{!H}; acquisition time was 3.17 s
for 'H and 1.10 s for 3C{H}. The spectral datasets were
pre-processed with Mnova NMR 8.1. Integration of the
shaded areas was performed with OriginPro 2017.

MALDI-MS

MALDI MS were recorded on a Bruker Solarix XR 7 T
ESI/MALDI-FTICR-MS instrument operating in reflec-
tron positive ion mode. Dithranol spiked with sodium
trifluoroacetate (NaTFA) was used as MALDI-matrix,
and external calibration was performed with NaTFA
cluster-ions from the ESI source. MALDI excitation
was carried out with a Bruker SmartBeam-II 355 nm
laser running at 15% power. Spectra were recorded at
150—-4000 m/z using small spot-size at a frequency of
200 Hz. 20 laser shots were used at each spot, with the
XY-table being moved in raster mode.

PXRD

PXRD-analyses were performed with a Bruker D8
Advance diffractometer using Ni-filtered Cu-Ka radia-
tion (\=1.54056 A) and a Lynxeye position sensitive
detector in the range 20=5-70° (A260=0.01°) with a
total exposure time of 8 h. A thin layer of material was
deposited directly on the Si monocrystal zero-back-
ground plate and measured at ambient temperature.

Results and discussion

The fabric

FTIR spectra of the warp and weft yarns of the fab-
ric are shown in Fig. 4. Both spectra show similar
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Fig. 4 ATR-FTIR spectra of the warp and weft yarns of the fabric

absorption bands characteristic of cellulose, e.g., a
broad O—H stretching band centred around 3320 cm™?,
C—H stretch around 2900 cm ™!, C-O-C antisymmetric
stretch around 1160 cm™! and a strong absorption from
C-O stretch around 1030 cm ™! [6]. In the spectrum of
the warp the lack of well-defined C-O-C stretching
bands at 1104 cm ™! and 1052 cm ™! as well as the rather
curved shape of the O-H stretching band, is indica-
tive of regenerated cellulose [6] and the spectrum is in
accordance with an own reference of regenerated cel-
lulose (cf. Additional file 1: Fig. S4).

Regenerated cellulose fibres were either produced as
filament fibres (continuous fibres) extensively used for
artificial silk, or as staple fibres (fibres of finite length)
used in spinning. It is likely that the yarn consists of
staple fibres, that can be recognized by the relatively
high number of loose fibre ends sticking out of the yarn
(Fig. 3). In the German language at the time, the filament
fibres usually went under the name Kunstseide (artificial
silk) changing to the English term rayon after WWII,
whereas Zellwolle was introduced as name for staple
fibres in 1935 [7]. In this paper, the term rayon is used for
both filament and staple fibres.

The most common way to make rayon was from the
viscose process (see historical discussion below). Under
the microscope, viscose rayon was easily recognized by
the characteristic longitudinal striations caused by the
irregular cross-section of the fibres [8], ¢f Fig. 3b and
Additional file 1: Fig. S5. The fibres are loosely Z-spun
into a two-ply yarn with an S-twist. By opening and
untwisting a sample of the weft yarn with a preparation
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needle, the material was easily identified as paper yarn
as expected from the description of Hygebjerg-Hansen.
The unfolded sample consisted of a brown paper strip of
approximately 5 mm in width (Fig. 3a).

The coating

Sample 1 from the lifting coating was analysed by FTIR
on both sides. No major differences were seen between
the two spectra (cf. Fig. 5 and Additional file 1: Fig. S6).
The spectrum of the topside of sample 1, and of the
extracted and separated coating materials from sample 2,
are shown in Fig. 5. In the top spectrum of Fig. 5 (topside
of sample 1), characteristic bands at 1637 and 1274 cm™!
(asymmetric and symmetric NO, stretch), 833 cm™!
(N-O stretch) 1058 cm™! (C-O stretch), indicates the
presence of cellulose nitrate (CN) [9]. Absorption at
1714 cm™! relates to the carbonyl band of the plasticiser,
whereas strong absorption around 750 cm™, plausibly
indicates the presence of titanium dioxide white [10]. The

Raincoat
surface
2923
|
L — /N
Plasticiser  vC=0 vC-0O
1726 1137

Absorbance

Wavenumber / cm’™!
Fig. 5 ATR-FTIR spectra of the coating with assignments of the
frequencies. Top: Spectrum of the coating before extractions
(topside of sample 1) showing the characteristic frequencies of CN
and plasticiser. Middle: Spectrum of the plasticiser extracted with
chloroform (sample 2). Bottom: Spectrum of the extracted CN
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presence of titanium dioxide was confirmed by PXRD
(see below).

The FTIR-spectrum of the clear fluid plasticiser
(extracted with chloroform as described in the experi-
mental section) is shown in Fig. 5, middle spectrum.
The carbonyl band at 1726 cm™! in combination with
C-O stretching bands at 1173 and 1137 cm™' reveals
the presence of an ester, whereas relative strong absorp-
tion at 1378 cm™! reveals a relatively high amount of
methyl (CH;) groups (symmetrical bending vibrations)
[11]. The carbonyl band of the plasticiser is seen at some-
what lower wavenumbers in the spectrum of the coating,
what may relate to hydrogen bonds between the carbonyl
group of the plasticiser and the CN, thereby causing a
shift of the carbonyl absorption to lower wavenumbers
[12, 13]. It was not possible to identify the plasticiser
with FTIR due to the lack of a reference spectrum. The
plasticiser was therefore analysed further by NMR and
MALDI-MS.

63 5 | . 5 36
H-[-O-(liH-CHz-CHZ-O- -CHZ-(CHZ)Z-CHZ-C-]n-O-CHZ-CHZ-(IIH-OH
CH, 74 2 47 iy
! 6 3% x|
chain-ends of primary alcohol = -0-(|3H-CH2-CH2-0H
CH;,
1*
"H NMR 1,101%

173 68 66 64 62 60 58 38 36 34 32 30 28 26 24 22 20
S/ ppm

Fig.6 'Hand '*C{'"H} NMR spectra of the extracted plasticiser in
CDCl; identifying it as poly(1,3-butylene) adipate. The structure of
the two major diol-terminated species is shown at the top together
with the molecule numbering scheme for the characterisation
(u=unknown)
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The 'H and BC{H} NMR spectra of the extracted
plasticiser in CDCl; are shown in Fig. 6, together with a
drawing of the structure of the two major diol-terminated
species i.e., primary and secondary alcohol, and the mol-
ecule numbering scheme used for the characterisation.
Both NMR spectra are in full accordance with the thor-
ough NMR spectrometric analysis [14, 15] of the com-
mercial plasticiser Reoplex® 346 from Ciba-Geigy, which
thereby identify the plasticiser as poly(1,3-butylene)
adipate. Integration of the areas of the hydrogen atoms
neighbouring the primary alcohol in the in-chain esteri-
fied primary alcohol (5), and of its two possible mono-
esterified end-groups i.e. (5') from the primary alcohol
esterification, and (5*) from the secondary alcohol esteri-
fication are shown in Fig. 7. The low ratio of ¢. 3 indicates
that the diol-terminated oligomers are dominant species,
and that the poly(1,3-butylene) adipate oligomers are of
relatively short length. Also given in Fig. 7 is the ratio
between the primary alcohol esterification end-group,
and the secondary alcohol esterification end-group based
on (5’) and (5*). As can be seen from the ratio of 2.8, the
amount of free secondary alcohol in the chain-ends is
greater than primary due to higher esterification reactiv-
ity of the primary alcohol.

In order to determine the oligomer chain length of
the plasticiser MALDI-MS was performed as shown in
Fig. 8 with insert of enlarged area of 1000 to 1500 m/z
units. Interpretation of the oligomer repeat units (n) is
shown in Fig. 9, where drawings of the structural assign-
ments based on poly(1,3-butylene) adipate and molecular
weights with addition of sodium ion (M +Na™) are given.

As seen from the MS spectrum Fig. 8 and Fig. 9, the
major number of oligomers are present with n=4-9.
The low value polymerisation, and hence low average
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Fig. 7 Ratio of the integrated areas of the in-chain esterified primary
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Fig. 8 MALDI-MS spectrum of the plasticiser with insert of enlarged
area from 1000 to 1500 m/z units. Structural assignments of the ion
peaks, and the oligomer repeat units (n), are seen in Fig. 9

alcohol (5) and its mono-esterified end-groups (5'and 5%)

molecular weight, is in accordance with the investigation
of Reoplex® 346 which was published in 1991 and 2000,
respectively [14, 15]. It is, however, interesting that Ciba-
Geigy first announced the presence of Reoplex® 346 to
the market in 1986 [16] but analysis of WWII polymeric
materials revealed the presence of this type of plasticiser
much earlier.

Pigment

The PXRD pattern of the titanium white pigment is
shown in Fig. 10 and identifies it as TiO, of the anatase
form. Titanium white pigments, which have been pro-
duced on a commercial scale since 1918, were valued
in particular because of their bright colour, opacity and
non-toxic character [10]. Most notable of the finding, is
the lack of a substrate or filler like barium sulphate or
calcium sulphate, which was typically always part of the
early titanium white pigments. The pure form of anatase
was developed in the early 1920s, but the price was far
higher than that of the composites [17], with the pure
form first gaining importance as a pigment in the 1940s
[18].

Historic discussion

The textile

Of the two yarns identified in the raincoat, rayon staple
fibres and paper, the former was of greatest importance
in the textile industry for clothing during WWII. At the
time, the most common way to make rayon was by the
viscose method, whereby a refined wood pulp was com-
monly used as raw material. By treating the wood pulp
with chemicals, it was converted to a xanthate derivative
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Fig. 9 Structural assignments of ion peaks shown in Fig. 8 and the molar masses of the oligomer repeat units (n)
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Fig. 10 PXRD of the pigment and anatase

and solubilised to a viscous liquid (the viscose). Extruded
through spinnerets into a coagulation bath and rinsed
free of chemicals, the viscose was converted into white
cellulosic fibres that were either wound up on spools as
rayon filament fibres (used for artificial silk) or cut in dis-
crete lengths and further treated to spin well (the rayon
staple fibres) [7, 19].

The production of rayon staple fibres in Germany in
the 1930s and during WWII was strongly influenced by

the Nazi autarkic politics. Autarky meant as far as pos-
sible to be self-sufficient in raw materials and not to
depend on import. The textile industry, with its high level
of imported raw materials such as cotton and wool, was a
particularly challenging sector in this respect. Rayon sta-
ple fibres, able to be produced from domestic wood and
chemicals readily available, became extremely attractive
[20, 21].

The use of rayon staple fibres in Denmark was quite
modest until the German occupation in 1940. With one
stroke, Denmark was cut off from its cotton suppliers,
and the rayon staple fibres soon became its most impor-
tant substitute [1]. Like staple fibres, the use of paper yarn
strongly increased during the occupation period in Den-
mark to replace the previously imported fibres; jute and
hemp [1]. Paper yarn was strong, stiff and inflexible, and
often impregnated to resist water. It was used for ropes,
twine, baling twine, sacks and as a component in webbing
[22, 23]. In contrast to rayon staple fibres, the stiffness
of the paper yarn did not make it suitable as a substitute
fibre in clothing. Its use in clothing during WWI, particu-
larly in Germany, was due to the lack of more appropriate
fibres [23, 24]. The finding in the raincoat would indicate
that rayon staple fibres were in short supply, something
which is known to have happened during the time from
which the raincoat dates. Thus, in 1943, Germany expe-
rienced a critical shortage of spinning fibres for the first
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time since the beginning of the war [25]. Moreover, major
deliveries of rayon staple fibres to Denmark from Italy
ceased after the Fascist regime collapsed in July the same
year [1]. Because of the shortage of rayon staple fibres,
paper yarn was increasingly used as substitute [1]. Paper
was abundantly available in the end of 1943 and did not
become scarce before the summer/autumn of 1944, when
Sweden reduced and eventually ceased export of paper to
Denmark. The scarcity of both paper yarn and rayon sta-
ple fibres in 1944 was countered with an increased pro-
duction of domestic flax [1, 26].

The coating

The finding of the CN-lacquer as coating material falls
within a time when CN-lacquer was one of the most
important lacquers on the market.

The breakthrough of CN lacquer for large industrial
use happened in the years after WWI and was mainly
driven by improvements in the film forming properties,
as well as greater availability of proper solvents [27, 28].
The fast drying time made the lacquer particularly attrac-
tive for industrial use, and it became indispensable in the
fast growing automobile industry [29]. Moreover, since
the 1880s, CN lacquer, usually plasticised with resinous
oil, played a major role in the production of faux (arti-
ficial) leather, for instance in carriage coverings, book-
binding and upholstery [30, 31]. Of particular interest
when looking into the use of CN-lacquer during WWII,
was the introduction of wood pulp as a raw material in
the late 1930s [27]. As described earlier, the use of refined
wood pulp already played a major role in the production
of rayon staple fibres in the textile industry. But it was
not until late into the 1930s that the industry managed
to produce a wood pulp pure enough to replace cotton
as raw material for CN-lacquer [27]. With wood pulp as
a raw material, the lacquer production not only survived
the cut off of cotton during wartime, but its use expanded
to areas where it had not been traditionally used [27].
This also applies to the raincoat, where the water resist-
ance of the CN-lacquer, its traditional use within the faux
leather production and more importantly, its availability
during the occupation, made it a logical choice as a coat-
ing material in a time where the most common material
for this purpose, rubber, was not available.

The plasticiser

Of all the findings pertaining to the raincoat, the plasti-
ciser poly(1,3-butylene) adipate is the most surprising.
The authors found no mention of poly(1,3-butylene)
adipate in the plasticiser literature of the time, nor in
the patent literature. It is not until 1986, that the Swiss
firm Ciba-Geigy introduces poly(1,3-butylene) adipate as
a plasticiser under the tradename Reoplex® 346 for use
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within PVC cling films, where it is appreciated for its low
volatility preventing its migration into food [15, 16]. It is
likely that poly(1,3-butylene) adipate existed in the 1940s
under one of the several commercial names that did not
disclose the composition of their content [32]. Probably
it had been developed for PVC in the first place, exactly
like Reoplex more than 40 years later. Perhaps the tradi-
tional plasticiser used for flexible CN-coatings, resinous
oil [33], was in short supply, like other overseas products.

The 1940s saw a rapid development of plasticisers, pri-
marily due to their indispensability for many of the new
synthetic polymers that were on the market at the time,
in particular PVC. Linear polyester plasticisers (non-
cyclic condensation products of dibasic acids and dihy-
dric alcohols), were introduced in 1942 by Rohm & Hass
Laboratories in Philadelphia, as excellent non-volatile
plasticisers for PVC and PVC-acetate [34, 35]. The find-
ing of this type of plasticiser in the raincoat is thus rather
surprising and indicates that Europe was not behind the
USA when it came to their development. It is remarka-
ble, however, that no sources on their early production in
Europe seem to be available, and the finding in the rain-
coat may be the earliest of its kind reported on European
ground.

Though no European firm can be connected directly
with the plasticiser, there is good reason to believe it was
produced in Germany and probably by IG Farben AG,
which was the leading European firm when it came to
polymer science, and the largest chemical company in
Europe.

IG Farben, the result of a merger in 1925 of leading
chemical companies, including Badische Anilin- and
Soda-Fabrik (BASF), Bayer and Hochst, began focusing
on polymers early on [36, 37], and was one of the first
companies worldwide to produce PVC on large scale in
1937 [38, 39].

It is, however, the production of synthetic rubber or
Buna, which may connect the plasticiser to IG Farben.
Buna (acronym for butadiene and Natrium (German for
sodium, the catalyst for the synthesis)) was developed by
IG Farben chemists in the late 1920s and was an improve-
ment of earlier synthetic rubber products. In general, the
term Buna covers a copolymer of butadiene and styrene
(Buna-S). 1,3-butanediol, the one monomer in the plasti-
ciser, was an intermediate in the four-step process (Vier-
stufen Verfahren) used by IG Farben to obtain butadiene
from acetylene [40—42]:

CH = CH + H2,0 — CH3CHO

2 CH3CHO — CH3CHOCH;CHO



Lauridsen et al. Herit Sci (2021) 9:98

CH3CHOCH;CHO + Hy - CH3CHOHCH,CH,;OH

CH3CHOHCH;CH>OH — CHy = CHCH = CH; + 2 H,O

As seen above, 1,3-butanediol is the product of the
hydrogen reduction of aldol in the third step.

The high cost of the four-step process made Buna non-
competitive with natural rubber, and large-scale produc-
tion was only realised as part of the Nazi autarkic politics
of the 1930s, culminating with the four-year plan of 1936
[43]. Buna was particularly important for the tires of
the fast-growing automobile industry and moreover,
indispensable for the clandestine rearmament [40, 44].
The first Buna factories for large scale production were
erected in Schkopau (1939) and Hiils in Marl (1940) [40].

In 1937 IG chemist Walter Reppe developed the more
profitable three-step process to produce butadiene:

CH=CH+2HCHO — HOCH,C = CCH,OH

HOCH,C = CCH,0OH + 2Hy — HOCH,CH,CH,CH>;OH

Page 9 of 10

Of particular interest, is the finding of poly(1,3-butyl-
ene) adipate as a plasticiser in the cellulose nitrate lac-
quer coating. The first known description and marketing
of this plasticiser is from 1986 where the Swiss firm Ciba-
Geigy introduced poly(1,3-butylene) adipate as a plasti-
ciser for PVC cling films under the tradename Reoplex®
346. However, this study suggests that the plasticiser was
developed much earlier in Germany by IG Farben, likely
due to the relation of 1,3-butanediol in its Buna produc-
tion. The finding is also interesting in other aspects as it
shows that intermediate chemical products of the war
industry were re-directed into civilian end-products.

It is likely that many chemical advancements and
experiments that took place up to, and during WWII
may have been forgotten in the chaotic final years of the
war. Objects left over from that time may be the only wit-
nesses of this progress, hiding secrets of the chemical
industry’s search for new synthetic materials. Indeed,
the successful revelation of the polymeric plasticiser
by MALDI-MS and NMR gives new insights into the
advancements of the chemical industry during WWIL

HOCH,CH,CH,CH,OH — 120 C,HgO —~H20

CHy = CHCH = CH,

As seen above, In the Reppe process or three-step pro-
cess, 1,3-butanediol was no longer an intermediate prod-
uct. The three-step process was introduced in the third
Buna factory, erected in 1941-1943 at Ludwigshafen.
Buna was, however, still produced from the four-step
process in the old factories while conversion to the three-
step process was not technically possible [40].

The finding of 1,3-butanediol as a monomer in a plas-
ticiser used for a CN-lacquer of a raincoat may seem
strange considering how important Buna was for military
uses. However, the Buna factories were also involved in
the production of polymers and plasticisers [40, 45]. This
fact may plausibly explain why an important intermedi-
ate product of the Buna industry ended up in a polymeric
plasticiser probably developed for the PVC industry.

Conclusion

This study provides interesting knowledge on the avail-
ability of raw materials in Denmark during the German
occupation, when many overseas materials like wool,
cotton and rubber were in scarce supply. The major
importance of wood pulp in the substitution industry is
reflected in the fact that it was used as basis for all main
materials of the raincoat; the paper and rayon staple fibre
yarn of the textile, as well as the CN-lacquer of the coat-
ing. In particular, the finding of paper yarn supports the
dating of the raincoat to 1943, a year in which this mate-
rial was increasingly used as substitute.

Analyses of other objects from the period may throw fur-
ther light on this important chapter of material history.
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