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Understanding the structure-property relationship is of paramount importance for tailoring copolymers 
for specific applications. Poly(N-acr yloylmorpholine)-block-poly(N-isopropylacr ylamide) (PNAM-b- 
PNIPAM) diblock copolymers were synthesized by reversible addition–fragmentation chain transfer 
(RAFT) polymerization with varying Mn 

and composition, providing the basis for deducing structure- 
property relationships. The chemical structure of the copolymers was analyzed by mass spectrometry 

(MS). A novel and efficient mass spectrum processing methodology was developed for the detailed 

analysis of polymers/copolymers that greatly expands the upper mass limit of the time-of-flight (TOF) 
analyzers in the linear mode up to 20,000 Da. Our method “makes visible” the mass peaks of the 

individual copolymer species and their isotopologues providing effective and fast automatized analysis. 
The self-assembly property of the thermoresponsive PNAM-b-PNIPAM diblocks in aqueous solutions was 
investigated by dynamic light scattering (DLS) experiments, and quantified by determining the incipient 
temperature of the phase transition. For rapid evaluation, an artificial neural network (ANN) was created 

to explore the hidden relationships between the structural information obtained by our novel mass 
analysis method and the properties as well as to predict the self-assembly behavior of the copolymers. 
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Introduction 

Block copolymers are a major group of smart, stimulus-responsive
materials. The self-assembly of block copolymers has become
increasingly important over the past several decades because it
allows the creation of a variety of nanostructures [1–5] . The
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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roperties of the block copolymers can be effectively adjusted 

nd tuned by their chemical composition, sequence distribution 

f the co-monomers and by the molecular weight of the
acromolecules formed. Consequently, an arbitrary number of 

opolymers with various properties can be produced even in the
ow molecular weight range [6] . Understanding their structure- 
roperty relationship is essential for tailoring copolymers for 
pecific applications. In general, copolymers with a narrow 

olecular weight distribution can be used to map the structure-
roperty relationship. These copolymers can be prepared from 

 wide range of monomers by living/controlled polymerization 

hat allows a high degree of control over the molecular weight
nd composition. Such methods include atom transfer radical 
olymerization (ATRP) [ 7 , 8 ], stable free-radical polymerization
SFRP) [9] , and reversible addition–fragmentation chain transfer 
RAFT) polymerization [10] . An additional advantage of RAFT 

olymerization is that it offers fast and simple methods within
 short reaction time (a few minutes to an hour) [ 11 , 12 ].
his is important because the inclusion of a large number
f copolymer samples gives a more detailed insight into the
tructure-property relationship. In parallel, there is a growing need 

or characterization methods that are fast and provide detailed 

nformation about the copolymer in addition to the molecular 
eight and composition [6] . The comprehensive characterization 

f the block copolymer systems is challenging as it is not
nough just to determine the average molecular weights. In 

ddition, we also need the details of the chain microstructure
egarding the average length of the blocks and block length
istributions as these have significant effects on the self-assembly 
ehavior of the amphiphilic block copolymers [13–15] . Mass 
pectrometry (MS) is a powerful technique for copolymer analysis, 
ut evaluation of the large number of peaks in the mass spectra
equires efficient data processing methods [16–18] . Recently, we 
ave developed a mass spectrometry based method called Mass- 
emainder Analysis (MARA) and related techniques, which can 

ven be used to determine the block length distribution in the
lock copolymers [19–21] . These data mining methods extend 

he role and applicability of mass spectrometry in polymer 
hemistry for the evaluation of polymers and copolymers with 

olecular weights up to 6000 g/mol. The limited mass range is a
eneral problem in the mass spectrometric analysis of polymeric 
ystems and the development of mass spectrometric methods is 
f paramount importance for a more thorough understanding 
f the structure-property relationships [ 6 , 22 , 23 ]. A method that
ould exploit the advantages of mass spectrometry for copolymers 
p to a molecular weight of 20,000 g/mol would open a new
erspective in the elucidation of structure-property relationships 
f copolymers. The most commonly used ionization method 

or the MS analysis of copolymers is the matrix-assisted laser
esorption/ionization (MALDI) [ 24 , 25 ]. MALDI typically enables
 fast measurement, making it well-suited to rapid polymerization 

rocesses. In this way, when exploring the structure-property 
elationships of polymer and copolymer systems, sufficiently large 
ata sets are generated that can efficiently be evaluated using
achine learning (ML) methods. 
Machine learning, as a method of artificial intelligence (AI) can

ncover the hidden trends and relationships in large data sets
 

o solve complex problems [26] . ML methods have recently been
sed to predict and understand the self-assembly behavior of block 
opolymers and multi-component nanocomposites [ 27 , 28 ]. One 
f the bottlenecks of the AI-based methods can be that it requires
 large amount of data sets. Therefore, simulations are often used
o generate sufficient data [29] , or intensive data collection is
erformed from published papers or publicly accessible databases 
 30 , 31 ]. The data sets from the experimental work are limited in
ize and can only be analyzed using simpler ML models. Usually,
ules of thumb (e.g. “rule of 10” as a rough guideline, having at
east 10 times more samples than number of features) are used
o define the requirements for the size of the data set [32] . It
s worth noting that by improving the methodology, the data 
equirements of ML can be reduced [33] . One of the most widely
sed AI methods is the artificial neural network (ANN), which 

odels the cognitive processes of the human brain [34–38] . ANN
s capable of building a regression model using the supervised 

earning method, i.e., the system is trained with known input and
utput data and the resulting model is able to predict the output
ariables based on the input parameters. Very recently, we have 
hown that an ANN method can be developed for the analysis
f copolymers by gel permeation chromatography (GPC) giving 
esults that can only be obtained experimentally by MALDI-MS or 
uclear magnetic resonance (NMR) spectroscopy methods [39] . 

In this paper, we study the self-assembly behavior of 
he acrylamide-based homo- and copolymers. One of the 

ost important members of this family is the poly( N -
sopropylacrylamide) (PNIPAM), which undergoes a reversible 
ydrophilic-hydrophobic phase transition with increasing the 

emperature above the lower critical solution temperature (LCST) 
 40 , 41 ]. By varying the chain length and the end groups, it is
ossible to tune the properties of PNIPAM in the lower molecular
eight range [ 42 , 43 ]. Moreover, addition of new monomers
nd their blocks can further modify the smart and self-assembly 
ehavior of the formed copolymers [41] . These stimuli-responsive 
opolymers are in the focus of scientific interest, their phase 
ransition and micelle formation have been studied in the form 

f various microstructures, such as block, random, and triblock 
opolymers [ 1 , 44 , 45 ]. 

This article aims to achieve three objectives. First, we report 
he synthesis of various PNIPAM homopolymers and poly(N- 
cryloylmorpholine)-block-poly(N-isopropylacrylamide) diblocks 
PNAM-b-PNIPAM). Secondly, we characterize the chemical 
tructure and the aggregation properties of the copolymer. As a 
ajor innovation, we have developed a mass spectrum processing 
ethod for the very detailed analysis of copolymers by MALDI- 

OF MS in the linear mode up to the mass of approximately 20,000
a. Finally, we have designed and implemented an ANN that 

akes the detailed characterization data as input and predicts the 
ggregation behavior in an aqueous solution of the copolymers. 
ur process flow resulted in the rapid exploration of the structure-
roperty relation of copolymers involving detailed structural data. 

xperimental 
hemicals 
-isopropylacrylamide (NIPA), N-acryloylmorpholine (NAM), 
,2′ -Azobis(2-methylpropionamidine) dihydrochloride (initiator) 
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and dioxane were purchased from Merck (Darmstadt, Germany).
2-(Butylthiocarbonothioylthio)propanoic acid (CTA) was received
from ABCR GmbH (Karlsruhe, Germany) and used as received.
Tetrahydrofuran and dimethyl sulfoxide were obtained from VWR
International (Leuven, Belgium). Water was purified by a Direct-Q
water system (Millipore, Molsheim, France). 

Matrix-assisted laser desorption/ionization-time of flight mass 
spectrometry (MALDI-TOF MS) 
The mass spectrometric measurements were carried out by an
Autoflex Speed MALDI-TOF MS instrument (Bruker Daltonik,
Bremen, Germany). Linear mode was applied where the ion-source
voltage 1 and ion-source voltage 2 were 19.5 kV and 18.3 kV,
respectively. The instrument was equipped with a solid phase (355
nm) laser. All mass spectra were externally calibrated with PNAM
homopolymers. The matrix and ionizing agent was Trans -2-
[3-(4- tert -Butylphenyl)-2-methyl-2-propenylidene] malononitrile
(DCTB) and CsCl, respectively. The solvent for the matrix was THF,
while for CsCl and PNAM homopolymers, water and THF:water
4:1 mixture was used, respectively. The concentration of the
matrix, ionizing agent and samples were 20 mg/mL, 2.5 mg/mL
and 10 mg/mL. The mixing ratio was 20:4:1, respectively. 

Nuclear magnetic resonance spectroscopy (NMR) 
A Bruker Avance II 400 MHz spectrometer equipped with a 5 mm z-
gradient BBI probe was applied for the 1 H-NMR measurements. 1D
1 H-NMR experiments were performed at 297 K with a 45-degree
1 H excitation pulse, a relaxation delay of 5 s, spectral width of
13.97 ppm and 32k total data points. Bruker TopSpin 4.0.9 and
Mestrelab MestreNova 14.1 software were used for NMR spectral
processing and integration. For all measurements, 6 mg of the
sample was dissolved in 600 μL D2 O. 

Gel permeation chromatography (GPC) 
The gel permeation chromatographic measurements were carried
out with a Waters Alliance e2695 separation module. For
detection, a Waters 2414 refractive index detector was applied
(Waters Corp., Milford, MA, USA). THF/DMSO (95/5 V/V%) eluent
was used (flow rate: 0.5 mL/min, T: 40 °C, run: 35 min), columns:
Styragel HR 0.5, 1,2 and 4 (300 × 4.6 mm, Waters, Milford,
MA, USA). The GPC methods were calibrated with polystyrene
standard. Samples were dissolved in the eluents at a concentration
of approximately 10 mg/mL and filtered by a syringe filter (0.45
μm) prior to analysis. 

Dynamic light scattering (DLS) 
A Zetasizer Nano ZS instrument (Malvern Instruments, Malvern,
UK) equipped with a He-Ne laser (633 nm) with a detector position
of 173 ° was used for dynamic light scattering experiments. The
derived count rate and the hydrodynamic particle diameter (d,
Z-average) were recorded. The phase transition was monitored
with 0.2 °C temperature steps, and the heating rate was lower
than 0.025 K min−1 , as it was suggested by previous publications
[ 41 , 46 ]. The Aggregation points were identified as the incipient
temperature of the phase transition. The Z-average size was
calculated by cumulative analysis. 
Artificial neural network (ANN) 
We developed an ANN model based on supervised learning,
which is the most common form of machine learning [ 26 , 34 ].
The ANN modeling was performed using the Neural Network
Toolbox of MATLAB 2020b (The MathWorks, Inc., Natick, MA,
USA). A feed-forward network with sigmoid hidden neurons and
sigmoid output neurons was constructed. The architecture of the
ANN will be detailed later. The network was trained using the
Bayesian regularization algorithm. The input data were randomly
divided into training (90%) and test (10%) sets. The performance
of the network was evaluated by the mean square error (MSE)
and Pearson’s correlation coefficient ( r ). The hyperparameters of
the ANN were optimized by varying the number of hidden layers
(1, 2), number of hidden neurons (1-4), and varying the type of
the transfer functions ( relu, radial basis, tansig , and purelin ). When
the increase of the hidden layers or the hidden neurons did not
yield better performance, the network with the smallest number
of layers or neurons at the maximum performance was chosen. 

The development and evaluation of the ANN were based on
the entire data set (the training set plus test data). The accuracy
(%) of the ANN prediction was calculated as the average of abs(1 –
predicted value/experimental target value) × 100 values for the entire
(the training set plus test data) and test data set [47] . 

Results and discussion 

Synthesis of copolymers 
The PNIPAM homopolymers and PNAM-b-PNIPAM block
copolymers were prepared using a RAFT polymerization process
based on the rapid method developed by Gody et al. [ 11 , 12 ],
detailed procedure is in the Supporting Information. To synthesize
blocks in 20 minutes, we used lower monomer concentrations
and increased reaction times. This resulted in a more controllable
and less viscous reaction mixture. Altogether 58 polymers were
synthesized with varying Mn and comonomer (NIPAM) mole
fractions (see Supporting Information Table S1). The Mn and
mole fraction values are approximately evenly distributed in the
3,000 – 15,000 Da and 0 – 1 range, respectively. In addition to
the detailed mass spectrometric characterization, which will be
discussed in the next chapter, the average characteristics of the
polymers were determined by 1 H-NMR spectroscopy [48] and
GPC (see Supporting Information Table S1). Based on the GPC
results, the distribution of the prepared polymers is narrow. The
1 H-NMR and GPC results are in good agreement with those
obtained by MALDI-TOF analysis. 

Structure analysis 
MALDI-TOF MS in the linear mode can be used for the molecular
weight determination of polymers over a wide mass range,
typically up to 200,000 Da but with limited resolving power. The
separation and accurate mass determination of the isobaric and
isotopic ions cannot be achieved. A remarkable feature of the
mass spectra of the copolymers is that the peaks corresponding
to the individual chains are grouped into clusters [49] . Our NAM-
NIPAM model system is a particularly appropriate example of this
clustering, as replacing 4 NAM with 5 NIPAM units results only in
a 1 Da difference (see Fig. 1 b). Moreover, in the higher molecular
weight range, the number of possible overlaps rises sharply, partly
3 
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Fig. 1 

Mass spectrometric analysis of the poly(N-acryloylmorpholine)-block-poly(N-isopropylacrylamide) copolymer 17 ( NAM16 NIPAM77 ) with the designed composition 
NAM20 NIPAM80 . a) Mass spectrum recorded by MALDI TOF in the linear mode; b) isotope distributions of some PNAM(x)-b-PNIPAM(y) species that can contribute to 
the m/z peak at 11,173; c) measured (solid curve) and calculated (histogram) composite mass peak at m/z 11,173; d) envelope curves of the measured and calculated 
(fitted) mass spectra. 
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4

ue to the relatively low resolution, thus, these peak clusters
ppear as broad composite peaks (see Fig. 1 a inset). 

As a representative example, Fig. 1 a shows the mass
pectrum of the poly(N-acryloylmorpholine)-block-poly(N- 
sopropylacrylamide) copolymer 17 (with the designed and 

etermined composition NAM20 NIPAM80 and NAM16 NIPAM77 ) 
ecorded by MALDI time-of-flight (TOF) MS in the linear mode.
s seen in the inset of Fig. 1 a, the envelope curves of the peak
lusters can be observed as individual broad merged peaks in the
ass spectrum. (The characteristic difference of 28 Da between 

he adjacent peaks corresponds to the mass difference between 

he NAM and NIPAM repeat units.) A single broad composite
eak is composed of numerous copolymer molecules with their 

sotopes (see Fig. 1 b and c). Therefore, assigning the m/z value
f a composite peak to a single component will, of course, lead
o the misinterpretation of the spectrum. However, by taking 
ll the measured composite peaks in parallel and considering 
heir all possible copolymer molecules with their isotopologues 
s constituents it is possible to identify the individual copolymer
hains using a suitable fitting algorithm. Furthermore, despite 
he overlapping peaks, it is also feasible to determine the
orresponding abundance of each individual species, thus 
nalyzing the copolymer sample in detail. Our data processing 
ethod generates a mass spectrum, taking into account the 

ossible individual copolymer chains and the resolution of the 
nstrument and iteratively fits it to the measured spectrum. The
etailed description of our method and the source code of the

mplementation is presented in the Supporting Information. We 
ighlight here only some essential elements of the process. Of
ourse, considering several thousand m/z peaks as fitting variables 
s not feasible, so a key to our algorithm is to mathematically
escribe the block length distribution in the copolymer sample 
nd use the parameters of these distributions as fitting variables.
n the case of controlled polymerization, the use of simple
istributions is reasonable, thus, we have chosen the skewed 

ormal distribution to account for possible asymmetries. The 
quation of the skewed normal distribution can be found in the
 

upporting information while its parameters are the following: 
Dmonomer : standard deviation of a monomer unit, Navg : average 
umber of a monomer unit and α stands for the skew parameter
 very important step in our data processing algorithm is the
onstruction of the measured composite peaks (see Fig. 1 c). For 
xample, the peak at m/z 11,173 in Fig. 1 c is composed of 8
ifferent copolymer molecules with their isotopologues (25 for 
ach of them) and 200 peaks in total. (In addition, when the
ass spectrum is constructed, all peaks are taken as a Gaussian

urve with approximately 60 discrete intensity vs m/z points, 
n accordance with the limited m/z resolution of the TOF linear

ode. The fitting algorithm modifies the parameters of the 
lock length distributions (6 parameters in the case of diblocks) 
nd hence the abundances of the individual molecules in the 
opulation, including the isotopologues. Thus, for example, the 

ntensities of the 200 theoretical peaks mentioned above that 
orm the peak at m/z 11,173 can be determined, and in this
ay the fitting algorithm approximates the calculated composite 
eaks to the measured ones (see the histogram and solid line

n Fig. 1 c). The residual of the fit has two components, the
ifferences between the m/z and between the intensity values 
f the maximum of the calculated composite peaks and the 
orresponding observed peaks. As seen in Fig. 1 c, for an arbitrarily
elected peak, the shapes of the calculated and observed peaks 
re in good agreement. A similar good fit can be observed when
omparing the calculated and measured envelope curves of the 
ull spectrum (see Fig. 1 d). The results of the detailed MALDI-TOF

S analysis are shown in Table S1 for all polymers. The values
re in good agreement with those obtained by 1 H-NMR and 

PC. Additional details are presented about our data processing 
ethod in the Supporting Information; the residual plots of the 

egression are reported in Fig. S1, a reproducibility analysis is 
iven in Table S2 and the main copolymer parameters are depicted
n Fig. S2. The Pearson correlation coefficient between the mole 
raction of NIPAM measured by 1 H-NMR and MALDI-TOF MS 
s high, r = 0.951 (only copolymers were used for calculation,
ample 1 to sample 48). 
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Fig. 2 

Bivariate distribution of the poly(N-acryloylmorpholine)-block-poly(N- 
isopropylacrylamide) copolymer 43 (Mn :15800 Da, NAM77 NIPAM42 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 

Dynamic light scattering (DLS) analysis of the poly(N-acryloylmorpholine)- 
block-poly(N-isopropylacrylamide) copolymer 16 (NAM10 NIPAM54 ) in 1 m/m% 

aqueous solution. a) Derived count rate (DCR) and Z-average hydrodynamic 
diameter as a function of temperature. b) Volume-weighted size distribution 
of the copolymer aggregates at various temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As a result of our data processing method, we have revealed the
"invisible peaks" of the mass spectrum, and we have compiled the
list of the individual copolymer chains (including their isotopes)
and estimated their abundances applying the fitted SDmonomer 

and Navg parameters for both monomer units. This huge data set
enables the detailed characterization of the copolymer sample,
namely the calculation of the number-average molecular weight
( Mn ), weight-average molecular weight ( Mw ), dispersity Ð= Mw / Mn ,
the average molar fraction ( cA ) and weight fraction ( wA ) of unit A
in the copolymer, the number average number of units A and B
( nn 

A , nn 
B ), weight average number of units A and B ( nw 

A , nw 
B ),

and the dispersity for the monomers ( ÐA = nw 
A /nn 

A , ÐB = nw 
B /nn 

B )
[50] . In addition, unambiguous information about the structure
of the copolymer can be obtained by determining the bivariate
compositional distribution, where one variable is the degree of
polymerization and the other is the composition (see Fig. 2 )
[ 51 , 52 ]. 

As seen in Fig. 2 , the bivariate distribution provides an
excellent visual representation of the copolymer sample and
allows scientists and engineers to quickly assess the composition
of copolymers during copolymerization process optimization,
material design or quality control. 

Property analysis 
For applications such as drug delivery systems, the most
important property of poly(N-acryloylmorpholine)-block-
poly(N-isopropylacrylamide) copolymers is their LCST-type
thermoresponsive aggregation behavior. We quantified this
property by determining the incipient temperature of the phase
transition ( Ti , aggregation point) [53] , above which the PNAM-
b-PNIPAM copolymers aggregate. Dynamic light scattering (DLS)
measurements were performed on aqueous solutions of PNAM-b-
PNIPAM and the increase in the derived count rate (DCR, which
represents the light scattering intensity) indicated the onset of the
phase transition, i.e., the appearance of the copolymer aggregates.

Fig. 3 a shows the DCR and Z-average hydrodynamic diameter
versus temperature plots of the copolymer 16 (NAM10 NIPAM54 ).
As can be seen in the figure, the change in z-average particle
size is consistent with the change in DCR. It should be noted,
however, that both curves (DCR and z-average versus temperature)
have more complex shapes compared to the shape of the decrease
in transparency (increase in turbidity) measured with UV-VIS
spectrometers, which is the most common method used to study
the LCST behavior of copolymers. The drop in the DCR curve
after the steep rise is probably due to the appearance of multiple
scattering, but the subsequent increase indicates a change in the
size of the copolymer aggregates. The volume distributions shown
in Fig. 3 b also support this assumption about the complex nature
of aggregation behavior, but the discussion of this finding is
beyond the scope of this paper. In Fig. 3 a, the lower bound of the
green-colored background indicates Ti , which will be used in the
following as a measure of aggregation behavior when examining
the structure-property relationship. The Ti values together with
the Z-average diameters recorded at Ti for all the copolymers
synthesized are compiled in the Supporting Information Table S3,
while Fig. 4 plots these as a bivariate function of NIPAM mole
fraction and Mn . 

As seen in Fig. 4 , the increasing length of the NAM block
(reflected in the mole fraction of NIPAM) modifies the self-
assembly behavior of PNIPAM, so that Ti is shifted to higher
temperatures. An additional figure is given in the Supporting
Information (Fig. S3) demonstrating the effect of NAM blocks
on the Z-average diameters of the aggregates formed at Ti .
However, Fig. 4 also shows that Ti values can differ for nearly
identical comonomer mole fractions and Mn . This underlines
the importance of detailed copolymer characterization for the
elucidation of structure-property relationships. Our novel mass
spectrum processing method, discussed in the previous chapter,
provides the chain length distributions of the comonomers
(not just their average fractions), and the parameters of these
5 
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Fig. 4 

The incipient temperature of the phase transition ( Ti ) of the synthesized 
copolymers determined by Dynamic light scattering (DLS) measurements as 
a bivariate function of NIPAM mole fraction and Mn . 
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istributions serve as inputs to the AI-based method, which is
resented in the following. 

tudy of structure-property relationships by artificial neural 
etwork (ANN) 
he block length distributions obtained as the output results of
ur mass spectrum processing method describe the copolymer 
ystems in details but are not explicitly related to Ti , as a measure
f aggregation behavior. However, the number of copolymer 
amples synthesized and characterized allows the discovery of 
idden relationships by means of ANNs. 
Fig. 5 

he ANN with a 4-3-1 architecture used for the determination of the incipient tempe

Fig. 6 

he application of ANN for the study of structure-property relationships using theoret
re identical (SDNAM 

∼ SDNIPAM 

); b) SDNAM 

< SDNIPAM 

c) SDNAM 

> SDNIPAM 

. 

 

A two-layer feed-forward ANN with three sigmoid hidden 

eurons and one sigmoid output neuron was constructed ( Fig. 5 ).
he network has four input variables, such as the mean and
tandard deviation of the block length distribution of NAM 

nd NIPAM (SDNAM 

, SDNIPAM 

, Navg, NAM 

and Navg, NIPAM 

). (As 
escribed earlier, skewed normal distributions were generally used 

o evaluate the mass spectra, but for the copolymers studied, 
he skewness was found to be zero, so we use only four input
arameters instead of six. All the used data are in the Table S3.)
he output of the ANN is the predicted Ti . The number of hidden
eurons was determined as detailed in the Experimental Section. 
he target Ti values of the ANN were determined by DLS, as
etailed in the previous chapter. Supplementary Fig. S4 shows 
he parity plot comparing the experimental onset temperature of 
he phase transition ( Ti ) with those predicted by the ANN. The
orrelation between the experimental and the predicted values 
s very good, the Pearson’s correlation coefficient is r = 0.993.
urthermore, the predicted Ti values are quite close to the diagonal 
ine, indicating an accurate prediction. The accuracy of the ANN 

rediction was quantified as detailed in the Experimental Section 

nd found to be 1.75% and 1.79 % for the full and the test dataset,
espectively . The paired T-test shows no significant differences 
etween the experimental and predicted Ti values ( p = 0.72, df:57 ).
he accuracy of the model is high and adequate to give the
hemical composition and molecular weight of a copolymer with 

 specific aggregation point depending on its use. 
Our ANN, developed by analyzing nearly 60 synthesized 

olymers, can also be used to investigate theoretically assembled 

opolymers (Mn : 3500-12500 Da, step:1000, and NIPAM mole 
raction: 0-1, step:0.1). As seen in Fig. 6 a, as expected, the

ole fraction of the comonomers has a significant effect on 

he incipient aggregation temperature ( Ti ). However, our novel 
ass spectrum processing method can even determine the 
rature of the phase transition ( Ti ). (SD stands for standard deviation.) 

ical input data. a) The standard deviations of the two block length distributions 
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block length distributions, which also influence the aggregation
behavior as shown in Fig. 6 . The very detailed structure-property
relationship analysis performed by ANN can be a useful tool for
designing copolymer molecules, developing synthesis methods,
and controlling quality. 

Conclusions 
In this paper, we reported the synthesis of different poly(N-
acryloylmorpholine)-block-poly(N-isopropylacrylamide) diblock
copolymers. Their detailed chemical structure was analyzed by
MALDI-TOF MS in the linear mode. Our novel mass spectrum
processing methodology for the detailed characterization of
copolymers allowed the detection and intensity assignment of the
overlapping mass peaks up to 20,000 Da, thus, greatly extending
the mass range of MALDI-TOF MS method. By resolving the
individual copolymer molecules and their isotopologues, not
only the Mn and average comonomer fractions but the length
distribution of the blocks representing the detailed chemical
composition of the copolymer was also determined. Due to
the automation, the large dataset was evaluated in a relatively
short time. The large number of copolymers synthesized and
their detailed mass spectrometric characterization provided the
basis for the discovery of the structure-property relationship
using artificial intelligence. We constructed an ANN that takes
characteristic copolymer parameters of the thermoresponsive
copolymer (PNAM-b-PNIPAM specific copolymers) as input and
predicts its aggregation temperature. Comparing the experimental
target values to the corresponding predicted results (the r
coefficient is above 0.99) it was found that the ANN correlates
them at a very high level. The accuracy of the prediction is also
high, 1.75%. Our new mass spectrum processing method and
ANN can be adopted for other copolymer systems even using a
different target value to characterize the polymer property. Once
built and trained, the ANN helps polymer chemists design new
smart copolymers, develop novel synthesis methods and monitor
production quality. 
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