Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Synthesis of Novel Cationic Bleach Activator, N-[4-
(N,N,N)-Triethylammoniumchloride- Butanoyl]
Butyrolactam, for Cellulose : Optimization and
Theoretical Limitations

Pelin Altay (% pelinaltay@itu.edu.tr)
Istanbul Teknik Universitesi https://orcid.org/0000-0001-7888-9477

Erol Yildiirm
ODTU: Orta Dogu Teknik Universitesi

Nevin Cigdem Gursoy
Istanbul Teknik Universitesi: Istanbul Teknik Universitesi

Peter J. Hauser
North Carolina State University

Ahmed El-Shafei
North Carolina State University

Research Article

Keywords: Cellulose, Peracetic acid, synthesis of bleach activator, N-[4-(N,N,N) triethylammoniumchloride-
butanoyl] butyrolactam (TBUCB), low temperature bleaching, DFT calculations, molecular modeling

Posted Date: May 11th, 2021
DOI: https://doi.org/10.21203/rs.3.rs-494060/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/19


https://doi.org/10.21203/rs.3.rs-494060/v1
mailto:pelinaltay@itu.edu.tr
https://orcid.org/0000-0001-7888-9477
https://doi.org/10.21203/rs.3.rs-494060/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Activated bleach systems have the potential to produce more efficient kinetically potent bleaching
systems through increased oxidation rates with reducing energy cost, saving time and, hence, causing
less cellulose polymer chains damage or degradation than conventional hot peroxide bleaching. In this
study, a novel cationic bleach activator, N-4-(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam
(TBUCB), was synthesized and applied for hot peroxide bleaching to determine the optimum bleaching
conditions and theoretical limitations of TBUCB for low temperature bleaching of cellulose. First
principles density functional theory (DFT) calculations were performed to elucidate the reaction
mechanism via identifying plausible transition state(s) of the nucleophilic attack of perhydroxyl anion
(HOO") with different carbonyl carbons and identifying the advantages and limitations of TBUCB
activator for hydrogen peroxide bleaching for cellulose. The results obtained showed that whiteness
index greater than 80 for cellulose can be achieved by using activated H,0,-TBUCB bleaching system at
lower temperature, providing reduced energy cost while maintaining the integrity of cellulose polymer
chains.

Highlights

» The focus of this study is on the chemistry of cellulose, the use of bleach activator as a kinetically
potent oxidizing agent for enhancing the degree of whiteness of cellulose.

» Anovel cationic bleach activator, N-[4-(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam
(TBUCB), was synthesized and applied for hot peroxide bleaching to determine the optimum
bleaching conditions and theoretical limitations of TBUCB for low temperature bleaching of
cellulose.

* The reaction mechanism of the bleach activator with cellulose was elucidated and the superior
efficiency of the bleach activator while maintaining the integrity of cellulose polymer chains
compared to conventional hydrogen peroxide was rationalized.

e DFT calculations elucidated the reaction mechanism, reactivity and peroxide bleaching reaction
pathway of the perhydroxyl anion attack at carbonyl group of the butanoyl segment not at the
carbonyl carbon of the butyrolactam, which is consistent with the experimental results.

e This study provided key fundamental science principles and suggestions at the molecular level for
the design of more efficient bleach activator with higher substantivity for cellulose, thus providing a
contribution to the commercialization of this novel, more sustainable and effective cationic bleach
activator for cellulose and cellulosic materials.

Introduction

Hydrogen peroxide (H,0,) is the most widely used bleaching agent for cellulosic materials to improve the
whiteness by eliminating the colored impurities in fibers. It is an environment-friendly oxidizing agent that
can be used for hot or cold bleaching processes. Hot peroxide bleaching is often carried out under
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extremely high temperatures (>95°C) while cold peroxide bleaching requires extremely long dwell times
(>20 hours), resulting in increased fiber damage, energy costs and time consumption. Hydrogen peroxide
bleaching is conventionally carried out under alkaline conditions, which requires intensive energy
consumption. The dissociation of H,0, into hydrogen and perhydroxyl ions (HOO) takes place under
alkaline conditions (pH 11-12), therefore strong alkali such as sodium hydroxide and sodium carbonate
are added into the bleaching bath to promote the formation of HOO anions, which is the active bleaching
agent. As the bleaching process is completed, a neutralization process is also required to remove the
residual alkali by adding acetic acid, and a large amount of water is also required for washing to remove
salt and residual H,0, from the bleached cellulosic fibers. Because dyes can react with oxidizing agents,
it is important to remove any remaining H,0,, since dyed fabrics even with minor color changes are

commercially unacceptable due to strict quality targets. 112

Bleaching at lower temperatures and/or shorter process times can be achieved by addition of a chemical
called a bleach activator into an aqueous H,0, solution. Addition of bleach activators into the peroxide
bleaching solution is a promising method to lower bleaching temperature, thereby resulting in decreased
energy consumption and reduced fiber damage. Bleach activators, with O- or N-bounded acetyl groups,
are peracid precursors which are able to react with the strongly nucleophilic perhydroxyl anion to liberate
kinetically potent peracid in situ. Peracids enable bleaching at low temperatures because they are
stronger oxidizing agents. 11,1226

Tetraacetylethylenediamine (TAED), and the sodium salt of nonanoylbenzenesulphonic acid (NOBS) are
two activators in widespread commercial use and are widely used in laundry detergent formulations for
removal of coloring contaminants from textiles. However, TAED has poor solubility in water and NOBS
has a negative charge on its leaving group with long alkyl chain, which leads to low substantivity for
cellulose. 10.15.1920

With the aim of avoiding these limitations, an activated bleaching system using lactam-based cationic
bleach activators [N{4~(triethylammoniomethyl) benzoyl]lactam chloride (TBLC)] consisting of aromatic
benzoyl chloride was developed and designed by the Procter and Gamble Company. It contains one
cationic group (quaternary ammonium cations), which can provide high water solubility and inherent
great affinity toward negatively charged cellulosic fibers in aqueous solutions, leading to improved bleach
effectiveness. 2126 Altay et al. synthesized a less expensive, sustainable and more effective aliphatic acyl
chloride based cationic bleach activator, N-[4-(N,N,N)-triethylammoniumchloride-butyryl] caprolactam

(TBUCC), as compared to aromatic ones. 2/

This study focuses on synthesis, optimization and theoretical limitations of a novel, more sustainable
and effective cationic bleach activator, N-[4-(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam
(TBUCB), for cellulose as compared to the aromatic ones reported in previous studies. 13141726 Firstly, a
novel cationic bleach activator, N-[4-(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam (TBUCB),
was developed and synthesized. y-butyrolactam, which is a low cost alternative and has higher hydrolytic
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stability than e-caprolactam 28 was used as a leaving group to produce aliphatic peracid with one
quaternary ammonium chloride site, N-[4-(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam
(TBUCB). Secondly, experimental study and statistical analysis were carried out to optimize TBUCB- hot
peroxide bleaching system at lower temperature for providing reduced energy cost and maintaining the
integrity of cellulose polymer chains. Density functional theory (DFT) calculations were performed to
determine the limitations of TBUCB at molecular level for cellulose.

Experimental

2.1 Materials

Butyrolactam (99 %), triethylamine (99.5%) and 4-chlorobutanoyl chloride (98%) were purchased from
Alfa Aesar (USA). Hydrogen peroxide (35% w/w) was purchased from Alfa Aesar (USA) and peroxide
stabilizer (Ruco-Stab OKM) was provided from Rudolf Group (Germany). 100% single jersey knitted
cellulosic greige and scoured fabrics were used in bleaching experiments.

2.2 Synthesis of N-{4-(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam (TBUCB)

N-[4-(N,N,N)-triethylammoniumchloride-butanoyl] butyrolactam (TBUCB) was synthesized using a two-
step reaction procedure as previously reported. 2/ In the first step, the intermediate was synthesized by
the condensation reaction of 4-chlorobutanoyl chloride with butyrolactam to form the corresponding
amide (intermediate) and triethylammonium hydrochloride salt as (a byproduct). Butyrolactam (17.2 g,
0.2 mol) was mixed with 0.3 mol triethylamine (30.5 g) in toluene (225 mL). The mixture was refluxed
under nitrogen. Subsequently, 4-chlorobutanoyl! chloride (28.2 g, 0.2 mol) was dissolved in 75 mL of
toluene and added slowly to the solution to obtain the intermediate (4-chlorobutanoyl butyrolactam). The
solution was refluxed for 6 h, cooled to room temperature. The reaction mixture was dissolved in
tetrahydrofuran (instead of acetonitrile2”) and the salt as a white powder was separated from the
reaction mixture by filtration. The filtrate was rotary evaporated to remove tetrahydrofuran, leaving the
pure intermediate.

In the second reaction step, 0.1 mol of 4-chlorobutanoyl butyrolactam (intermediate) was refluxed with
triethylamine (0.2 mol) in 150 mL acetonitrile for 4 hours to furnish the cationic bleach activator, (TBUCB)
(Figure 1) as previously reported. ?” The solution was cooled to room temperature and the solvent
evaporated using a rotary evaporator to give the cationic bleach activator, (TBUCB).

2.3 Central composite design and statistical evaluation

Response Surface Methodology (RSM) is a combination of statistical and mathematical methods used
to determine the optimum experimental conditions with saving time and cost by reducing the number of
experiments. Central composite design (CCD) (orthogonal blocks) was used with TBUCB to establish an
optimized TBUCB-activated hot peroxide-cellulose bleaching system since CCD is one of the most
favored response surface methodology (RSMs) for process optimization. The experimental design was
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performed and multiple factors and their interactions were statistically evaluated using Minitab. ?° The
order of experiments was arranged randomly. The significance of the process parameters (independent
variables) and their interactions were evaluated by means of analysis of variance (ANOVA) with a 95%

confidence level.

In this study, independent variables, which are factors that affect the process, are the concentration of
activator, molar ratio of activator:H,0,, molar ratio of H,0,:NaOH, temperature and time, while the

dependent variable, which is the response /outcome that may change as a result of changes in
independent variables, is whiteness index (Table 1). Slightly higher molar ratio of alkaline to H,0, was

used for activating peroxide in bleaching bath. Five levels of each variable were selected, including 7 at
center points, 16 at factorial points, 10 at axial points, giving a total of 33 experiments. Design matrix and
bleaching results for TBUCB are given in Table 2.

Table 1. Process parameters and levels of each parameters

Independent variables Coded levels and Factor levels
-2 -1 0 1 2
(A) Concentration of activator (mmol/L) 15.7(5gL) | 22.7(7.24¢/L) 29.7(947gL) [367(11.7g/L) | 43.7(13.93 gL )
(B) Molar ratio of activator:H,0, 12 1:4 1:6 1:8 1:10
(C) Molar ratio of H,0,:NaOH 1:1.05 1:1.1 1:1.15 1:1.2 1:1.25
(D) Temp.(°C) 40 50 60 70 80
(E) Time (min.) 30 40 50 60 70

Table 2. Design matrix and CCD response data for TBUCB
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Standard Runorder A B C D E WI

order

1 30 O 0 0 2 0 7922
2 25 0 2 0 0 0 6142
3 26 o 2 0 0 0 7137
4 27 0 0 2 0 0 6894
5 31 0o 0 O 0 -2 6989
6 29 0 0 0 -2 0 5645
7 32 0 0 O 0 2 6953
8 24 2 0 0 0 0 7111
9 33 0O 0 O 0 0 #6910
10 28 o 0 2 0 0 7155
11 23 2 0 0 0 0 5952
12 16 1 1 1 1 1 77.92
13 20 o 0 O 0 0 7067
14 18 0O 0 O 0 0 7049
15 9 -1 -1 - 1T -1 6645
16 19 0 0 O 0 0 6928
17 4 1 1T -1 - 1 6491
18 21 0O 0 O 0 0 6950
19 17 0O 0 0O 0 0 6921
20 2 1 1 1 -1 -1 5786
21 13 -1 - 1 1 1 67.70
22 6 1 -1 1 -1 1 56.92
23 11 -1 1 -1 1 1 69.21
24 5 -1 - 1 -1 -1 5560
25 10 T -1 - 1 1 70.79
26 3 -1 1 -1 -1 -1 6042
27 15 -1 1 1 1 -1 6844
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28 8 1 1 T -1 -1 6581
29 14 1T -1 1 1 -1 70.66
30 1 11 1 A 1 5495
31 12 1 1 -1 1 -1 7753
32 22 o 0 o0 0 o0 7017
33 7 -1 1 1T -1 1 60.56

2.4 Bleaching Method: Hot peroxide bleaching

Hot peroxide bleaching method was applied to evaluate and optimize the bleaching performance of
TBUCB for cellulose. An Ahiba Nuance Infrared Laboratory Dyeing Machine (Datacolor International,
USA) was used for the hot peroxide bleaching experiments. The experiments were performed at different
concentrations of activator, different molar ratios of H,0, to activator and H,0, to NaOH, different
temperature and time as stated in Table 1 to optimize the bleaching recipe for TBUCB. Cellulosic fabric
was bleached with hydrogen peroxide with the addition of TBUCB at a liquor-to-goods ratio of 20:1
according to recipe given in Table 1. NaOH (%50 w/w) was used for alkaline pH (11.5-11.9) based on the
results of pre-experiments. The bath was heated to target temperature at the rate of 4 °C/min. 1 g/L
stabilizer and 1 g/L wetting agent were kept constant for all experiments. After bleaching, fabric was
dried under ambient conditions. Whiteness index (WI) of unbleached cellulosic fabric was 35.77 while
the WI of a conventional bleached fabric without TBUCB was 75.77 (Table 3).

Table 3. Recipe of conventional hot peroxide bleaching

Conc. of H,0, (g/L), Conc. of NaOH, stabilizer  Wetting Temp. Time Wi
35% W:w) 50% w:w) agent (°C) (min.)
6 3 1 1 100 30 75.77

2.5 Evaluation of bleaching performance: Whiteness measurement

Bleaching performance of the activator was evaluated by measuring the whiteness index of bleached

samples using ultraviolet-calibrated Datacolor Spectraflash SF 600X, under illuminant D65 and 10°
standard observer, specular included, large area view and UV component included.

2.6 Computational Methods
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Density functional theory (DFT) calculations were performed at the B3LYP hybrid functional and 6-
311+g(d,p) basis set level in the Gaussian 16 Rev. A.03 software package. 3033 Geometry optimizations
were started from different initial structures to obtain lowest energy geometry. Highest occupied
molecular orbitals (HOMO), lowest unoccupied molecular orbitals (LUMO), and electrostatic potential
surface (ESP) were calculated and mapped onto the optimized geometry of the TBUCB activator. Atomic
charges on the activator were calculated by using ESP fitting scheme of Merz-Singh-Kollman (MK) and
atomic dipole moment corrected Hirshfeld atomic charges (ADCH) 3436 Fukui reactivity indices for the
nucleophilic attack sites on the activator were calculated by using finite difference approximation by
using the atomic charges based on the MK charges. 37 The geometry of a transition structure and
activation barriers are of key importance in describing the reaction mechanism of hydrogen peroxide
anion attack at the most susceptible sites for nucleophilic attacks. Free energy profile for the reaction
barrier of the perhydroxyl anion attack to the carbonyl groups were calculated at 70 °C. The reaction
barrier for the attack to TBUCB is compared with the reaction barrier for TAED activator. The stationary
states were determined by vibrational frequencies where transition states were validated as saddle points
by only one imaginary frequency. All calculations were performed in water to mimic the experimental
conditions by integral equation formalism polarizable continuum model (IEFPCM). 38

Results And Discussion

3.1 Bleaching performance

The Response Surface Methodology (RSM) based on Central Composite Design (CCD) was used to
evaluate and optimize the hot peroxide bleaching process for newly synthesized TBUCB. The Analysis of
Variance for Wl is given in Table 4.

Coefficients of determination (correlation coefficient) (R%), ranging from 0% to 100%, indicates the
percentage of variation in the response that is explained by the model. The higher the R? value, the better
the model fits the response data. As can be seen from Table 4, the model is adequate to provide an
accurate prediction of response function since R? > 0.9 and lack of fit P value >0.05. R? is found to be as
99.23%, indicating that 99.23% of the response variability can be explained by the model. R%and Adj-
R2values are higher than 0.9, providing a high trend between the experimental and the predicted values.

Concentration of activator (A), molar ratio of activator:H,0, (B) and temperature (D) are found to have
significant influence on WI due to the higher F-ratio (178.94, 187.78, 869.35, respectively) and the smaller
significance level (P value<0.05). Temperature (D), followed by molar ratio of activator: H,0, (B) and
concentration of activator (A), respectively, present the highest statistical relevance since a higher F ratio
indicates greater relevance of the corresponding factor. Although all the interactions between the factors
were analyzed, the interactions between the concentration of activator (A) and the molar ratio of
activator: H,0, (B), between the concentration of activator (A) and the temperature (D), between the molar

ratio of activator: H,0, (B) and the temperature (D) were statistically significant. In terms of F value, the
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two-way interaction between the concentration of activator (A) and the molar ratio of activator: H,0, (B)
is greater than the other two-way interactions (F= 17. 75).

Table 4. Analysis of Variance for W1

Source OF Seq 55 Bdj 55 Bdj M5 F B
Blocks 1 14.70 14.740 14.702 16.29 0.002
Begression 20 1271.19 1271.10 §3.555 70.43 0.000
Linear 5 1117.23 1117.23 223.446 247.83 0.000
L 1 1el.48 l1e61.4¢ 161.461 178.94 0.000
B 1 169,44 16%.44 149.442 187.78 0.000
c 1 1.88 1.858 1.876 2.08B 0.177
D 1 784.44 784.44 T54.441 B69.35 0.000
E 1 0.01 0.01 0.012 0.01 0.5%11
Square 3 121.54 121.54 24,308 26.%4 0.000
A*R 1 55.3848 B6.28 g8.2681 73.43 0.000
E+*B 1 39.37 44,30 44,289 49.09% 0.000
C*C 1 1.02 1.86 1.B62 2.06 0.179
oD 1 20.86 21.87 21.871 Z4.24 0.000
E*E 1 4.41 4.41 4.408 4.8% 0.049
Interaction 10 3z2.32 32.32 3.232 3.58 0.024
L*E 1 18.02 15.02 16.020 17.75 0.001
L*C 1 0.07 o.a7 0.068 0.08 0O.7B7
E*D 1 T.74 T7.74 7.742 5.58 0.014
A*E 1 0.50 0.50 0.501 0.5% 0.472
B*C 1 0.00 0.00 0.002 0.00 0.9%65
B*D 1 4,92 4.92 4.817 5.45 0.040
BE*E 1 0.02 0.02 0.023 0.3 0.875
C*D 1 0.00 0.00 a.000 0.00 0.9%598
C*E 1 1.56 1.56 1.556 1.72 0.21&
I*E 1 1.4% 1.439 1.485 l.ea 0.225
Besidual Error 11 9.93 3.93 0.502
Lack-of-Fit a T.859 7.89 1.315 3.23 0.109
Pure Error 5 Z2.03 2.03 0.407
Total 32 1285.73

3 = 0.%4%31z2 FRES3 = 138.263
B-59q = 9%9.23% PR-S5gipred) = E£9.33% B-3glad]j) = 87.77%

2D contour plots, representing a 3D surface on a two-dimensional plane, illustrate the response function
of two factors while keeping all other factors constant for the optimization of process conditions. Figure
2(a)-(j) show the two-way interactions of process parameters on WI while all other parameters are at fixed
level. It was observed from Figure 2(a) that a whiteness index higher than 70 was obtained at 9.47 g/ L
(at O-level) and higher activator concentrations and at a molar ratio of 1: 6-1: 10 activator: H,0,.

It is seen from Figure 2(b) that the maximum WI can be obtained at 11.7 g/L of activator concentration
(at 1-level) and the increase in the activator concentration to a certain value (approximately to 12.8 g/L)
either at a low or high level of alkali (NaOH) range used in the study causes a decrease in the WI. Figure
2(c) indicates that WI higher than 80 can be achieved between 11.7 g/L and 13.93 g/L of activator
concentrations at a temperature of 80 °C. Similar with the trend of alkali concentration in Figure 2(b), (e)
and (h), process time has no significant effect on WI as shown in Figure 2(d) (g) and (j). A whiteness
index higher than 75 was obtained at a ratio of 1: 6-1: 10 activator: H,0, at a temperature of about 68 to
80 ° C (Figure 2(f)), indicating that peracid became more active resulting in improved bleaching efficiency.

3.2 Computational Results
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Mapped Surface for the LUMO on the TBUCB activator given in Figure3a is localized on the butanoyl and
butyrolactam groups, especially on the carbonyl groups. One can expect the attack of perhydroxyl anion
should be directed at these groups because they are the most electron deficient sites in the activator
structure. HOMO orbital which has low possibility for the nucleophilic attack is mainly on the chloride
anion and partly on the ethyl ammonium groups (Figure 3b). ESP surface showed that carbonyl groups
on the butanoyl and butyrolactam are the only groups that have both electron rich part, depicted by red
color on oxygen which can form a hydrogen bond with perhydroxyl anion, in addition to the electron
deficient carbonyl carbon depicted by blue color which can undergo nucleophilic attack by peroxide
anion, perhydroxyl (Figure 3b). Although there are two carbonyl groups, only the carbonyl carbon of
butanoyl is the one that can lead to the formation of peracid (Figure 3c). Atomic charges on the carbon
atoms were compared by two different methods to determine which one will be preferred for the anion
attack. Both ESP charges based on the electrostatic potential fitting method and charges based on the
partitioning of the molecular electron density showed higher positive charge on the carbon atom of the
butanoyl carbonyl (Figure 3d-e), which is the main driving force for the initial diffusion and attack by
perhydroxyl anion. At last, Fukui reactivity indices for the nucleophilic attack were compared for the two
carbonyl carbons, which showed higher potential of the cationic bleach activation to undergo
nucleophilic attack by peroxide anion at butanoyl carbonyl carbon rather than butyrolactam carbonyl
carbon (Figure 3f). Fukui reactivity indices based on different atomic charge calculation methods gave
similar results.

Reactions were found to follow two step mechanisms, which are perhydroxyl anion attack at the carbonyl
carbon and the peracid formation. Transition state characterized by the single imaginary frequency was
calculated for the perhydroxy anion attack at the TBUCB and free energy profile is given in Figure 4a.
Reaction barrier for the perhydroxyl anion attack at the carbonyl carbon calculated by using sum of
electronic and thermal free energies at 70°C was determined as 12.55 kcal/mol under water solvation
effect. This activation barrier was compared with the TAED activation barrier, and it was determined that
perhydroxyl anion attack has lower reaction barrier for TBUCB determined as 13.72 kcal/mol in addition
to the higher solubility than TAED (Figure 4b). There is an interaction between carbonyl carbon and
perhydroxyl anion as well as a hydrogen bond formation between the oxygen of the carbonyl and
perhydroxyl hydrogen in the transition state. This confirms the importance of initial hydrogen-bonding
through these interactions that leads to the nucleophilic attack. Although carbonyl carbon that is part of
the butyrolactam has a partial positive charge as a potential site for nucleophic attack, no transition
states for perhydroxyl anion attack at the carbonyl carbon of butyrolactam ring was found, which
confirms that there is no reaction happening inside ring, which led to the conclusion that the carbonyl
group of butyrolactam is not reactive towards perhydroxyl anion attack to form any peracid. The bond
distance between carbonyl carbon of butanoyl and the nitrogen atom of butyrolactam significantly
increased after perhydroxyl bonding, followed by bond dissociation and peracid formation in the second
step of the reaction. The perhydroxyl anion attack in the first step is the rate determining step, and
dissociation of peracid for TBUCB and TAED in the second step occurs with a lower energy barrier at 7.88
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and 4.58 kcal/mol, respectively. Imaginary frequencies and cartesian coordinates of atoms for the
transition states are given in the Supporting Information.

The main limitation of TBUCB is the conformational freedom due to the alkyl group in butanoyl group.
Results showed that positively charged triethyl ammonium group is attracted toward the more negative
oxygen atoms of either butanoyl (Figure 5a and 5c) or butyrolactam (Figure 5b and 5d) groups, resulting
in a bent conformation with decreased reactivity, thereby preventing more peracid formation. In addition,
steric interactions cause a barrier for perhydroxyl ion to reach to the activator in bleaching bath for
peracid formation. Although all trans coplanar conformation is the lowest energy structure, gauchel
(Figure 5a and 5c) and gaucheZ2 (Figure 5b and 5d) conformers of these alkyl groups were easily
obtained with less than 2 kcal/mol energy difference. The closest distance between ethylammonium
hydrogens and butanoyl oxygen which was 4.51 A in the lowest energy structure, decreased to 2.51 A in
gauchel structure. The closest distance between ethylammonium hydrogens and butyrolactam oxygen
which was 6.02 A in the lowest energy structure, decreased to 4.51 A in gauche2 structure (Figure c-d).

When phenyl is used in the molecule structure (Figure 5€) similar with the structure reported as N-{4-
(triethylammoniomethyl)benzoyl]caprolactam chloride (TBCC) in the literature [Hou, Zhang & Zhou, 2010;
Xu, Hinks, & Shamey, 20104a; Luo et al., 2015], the interaction between triethyl ammonium and the oxygen
atoms of the carbonyl group decreased since the butanoyl segment can adopt different conformations
while the phenyl group is highly rigid. However, the reactivity of the butanoyl carbonyl towards
nucleophilic attacks significantly decreased by phenyl substitution. Alkene modification can be a better
alternative to achieve more rigid structure to prevent folding of this aliphatic chain in the future studies
(Figure 5f). Unlike butanoyl group, rigid conformations of alkene group hinder coplanar structure from
intramolecular interaction and keep the plane of molecule parallel to cellulose surface without
compromising nucleophilic reactivity. In general, future work of the developments of novel activator
should focus on more rigid, linear and coplanar bleach activator/peracid to achieve better substantivity
for cellulose, which would mimic the substantivity of direct dyes to cellulose.

Conclusion

This study focuses on optimization and determination of theoretical limitations of hot peroxide bleaching
bath in the presence of newly designed, more sustainable and cost-effective cationic bleach activator, N-
[4-(N,N,N)-triethylammoniumchloride-butanoyl] butyrolactam (TBUCB) for low temperature bleaching of
cellulose.

CCD results indicate that the most important factors on WI are temperature, followed by molar ratio of
activator: H,0, and concentration of activator, respectively, based on the results of ANOVA. Maximum

whiteness index of 77.53 can be achieved at 11.7 g/L (36.7 mmol) at 1:8 molar ratio of activator: H,0, at
70 °C, providing reduced energy cost and fiber damage as compared to conventional peroxide bleaching
(WI: 75 at 100 °C) . With the use of this more sustainable and cost-effective bleach activator 2 in bleach
bath, bleaching system can be optimized and WI higher than 80 can be achieved using 11.7 g/L up to
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about 12.8 g/L activator concentration at 1:8-1:10 molar ratio of activator to H,0, at a temperature of 80

°C. DFT calculations validated the structure, reactivity and peroxide bleaching reaction pathway for the
perhydroxyl attack at carbonyl group of the butanoyl segment not at the carbonyl carbon of the
butyrolactam, which is consistent with the experimental results. All these findings will contribute to the
commercialization of this novel, more sustainable and effective cationic bleach activator. Furthermore,
this study also provided key fundamental science principles and suggestions at the molecular level for
the design of more efficient bleach activator with higher substantivity for cellulose.
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Figure 1

Synthesis of N-{4-(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam (TBUCB), (n=1)
(Mw=290.83)
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Figure 2

Contour plots showing the effect of independent variables on WI
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Figure 3

a) LUMO and b) HOMO frontier molecular orbital isosurfaces, c) electrostatic potential (ESP) surface
mapped on the optimized geometries. Atomic charges based on the d) electrostatic potential fitting
method (MK) and e) atomic dipole moment corrected Hirshfeld (ADHC) population analysis f) Fukui
reactivity indices showing the most susceptible sites for nucleophilic attack. Highest charges and
reactivity indices are marked.

Page 17/19



12.55 9.45
kcal/mol keallmol\.
L3
“ a1l 218 :
1.82
7.88
© kcalimaol
17.67
kcalimol

8.83

13.72
kcal/mol
kcalimol alma

\@

; 1.8
4.58 1.89
kecalimol : +

20.54
kealimol

Figure 4

Free energy diagrams of the perhydroxyl anion attack and peracid formation for the a) TBUCB and b)
TAED. The relative energies are in kcal/mol and distances are in A.
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Figure 5

a-c) Non coplanar low energy structures for TBUCB in the gauche1 (a-c) and gauche2 (b-d)
conformations, c) alkene modified TBUCB, d) phenyl modified TBUCB. Highest positive charges are
marked.
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