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Experimental
Materials

Glycine betaine ([BET], purity 298%, CAS Number 107-43-7), L-histidine ([HIS], purity 299%,
CAS Number 71-00-1), L-arginine ([ARG], purity 298%, CAS Number 74-79-3), L-proline ([PRO],
purity 99%, CAS Number 147-85-3), choline chloride (99%, CAS Number 67-48-1) and solvents
(methanol, DMSO, acetonitrile, acetone, isopropanol, ethyl acetate, chloroform, toluene,
hexane) were purchased from Sigma—Aldrich and used without further purification. Indole-3-
butyric acid (IBA, purity 98%, CAS Number 133-32-4) was supplied by Alfa Aesar. Dowex-
Monosphere 550A anion exchange resin (OH) was purchased from Sigma—Aldrich. Water for
solubility was deionized with the conductivity below 0.1 mS cm™ from demineralizer HLP

Smart 1000 (Hydrolab).
Synthesis

The respective amino acids or glycine betaine (0.05 mol) were dissolved in 50 mL of solvents
(water:ethanol in a 10:1 v/v ratio). Indole-3-butyric acid (IBA; 0.05 mol) was then slowly
introduced into the reaction vessel. The reaction was conducted at ambient temperature
(40 °C) for 24 h in the dark. The solvent was allowed to evaporate from the open vessel for
over 48 h, and the resulting mixture was dried in a laboratory dryer under reduced pressure
at 60 °C for 24 h. The final products were stored under vacuum over P401¢ in the absence of

light.

The synthesis of the ionic liquid with the choline cation was carried out according to the

synthesis method described in the literature.?

General

NMR spectra (*H and *3C NMR) were prepared in deuterated water and methanol (4:1)
containing TMS as the internal standard. Measures were carried out using a Varian

Mercury 300 and Varian VNMR-S 400 MHz spectrometers.

The UV spectra of the samples were recorded at 25 °C using a UV-1601

spectrophotometer (Rayleigh) in the 200-360 nm range using quartz cuvettes with a
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1-cm path length and a 1.5-nm bandwidth. Water solutions of the products at
concentrations of 0.00247 mmol L™ were loaded into individual cuvettes and analysed

(distilled water was used as the reference).

The water content was determined using an Aquastar volumetric Karl Fischer titrator
EMD Miillipore (Billerica, MA, USA) with a Composite 5 solution as the titrant and

anhydrous methanol as the solvent.

Thermal gravimetric analysis (TGA) was performed using a Mettler Toledo Star® TGA/DSC1 unit
(Leicester, UK) under nitrogen. Samples weighing between 2 and 10 mg were placed in

aluminum pans and heated from 30 to 450 °C at a heating rate of 10 °C min™2.

The thermal transition temperature was determined by differential scanning calorimetry
(DSC) with a Mettler Toledo Star® DSC1 (Leicester, UK) unit under nitrogen. Samples weighing
between 5 and 15 mg were placed in aluminium pans and heated from 25 to 120 °C at
a heating rate of 10 °C min~%, cooled with an intracooler at a cooling rate of 10 °C min~ to

-100 °C, and then re-heated to 140 °C.

The pH of the water solutions of the obtained salts and binary mixtures (in a 10:0.1 mass ratio)
was measured at 25 °C using a S47 SevenMulti™ Mettler Toledo equipped with a Mettler

Toledo semi-micro combination electrode (Inlab® 421) filled with 3 M KClI.

Chemical stability

The chemical stability of the products was determined following a previously reported
methodology.? The stability of products 1, 2, 3, 4 and 5 and indole-3-butyric acid (IBA) was
estimated for 0.00247 mol L™ aqueous solutions (corresponding to an IBA anion
concentration of 0.05% m/v ). First, 0.0494 mmol of the selected compounds or binary
mixtures were dissolved in 20 mL of water and inserted into sealed glass vials containing
a magnetic stir bar. All the resulting solutions were mixed using a Heidolph MR Hei-End stirrer
equipped with a heat-on anodized block at a constant temperature of 25.0 °C (with
an accuracy of £ 0.1 °C) in the dark or under a steady luminous intensity (luminous flux: 1060

Im, light source colours: 4100 K, general colour rendering index: Ra 280). After a period of
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time, a 0.02 mL sample was collected from each vial and diluted 75-fold. The absorbance of
the sample solutions was measured at Amax = 221 nm for anionic IBA and IBA using a Rayleigh
UV-1800 spectrophotometer. The concentrations of the compounds in water were
determined based on calibration curves of the absorbance vs the concentration for each

substance. The presented results are the average of three separate measurements.
Solubility

The solubility of products obtained as well as IBA was determined according to previously
described methodology.? Commonly used solvents were selected for the solubility test and
ranked in descending order of their Snyder polarity index value (water, 9.0; methanol, 6.6;
DMSO, 6.5; acetonitrile, 6.2; acetone, 5.1; ethyl acetate, 4.4; chloroform, 4.1; toluene, 2.3,
and hexane, 0.0). The sample of compounds or binary mixtures (0.1 g) was introduced into
vials, and then a specific volume of solvent was added. Three types of behaviour were
recorded depending on the volume of solvent used. The term 'good solubility' applies to
compounds or binary mixtures that dissolved in 1 mL of the solvent. The expression 'limited
solubility' indicates that 0.1 g was dissolved in 3 mL of the solvent. The term 'poor solubility'
symbolizes that salts, binary mixtures or IBA could not be dissolved in 3 mL of the solvent. All

the analyses were conducted at 25 °C.
Molecular Modelling

The initial Cartesian coordinates of the IBA and IBA anions were determined using data from
the literature, and representative structures of L-arginine, L-histidine, L-proline and glycine
betaine were selected from a set of possible conformers to maximize the interaction between
the polar groups of a given ammonium salt or binary mixture. The preliminary stage of
optimization calculations in vacuum was omitted to conserve the initial ionic character and
charge distribution of the structures. Reliable energy data for individual structures were
obtained by a two-stage geometrical optimization using DFT*in an aqueous environment with
a polarized continuum model, where the method was first applied at the B3LYP/6-31G(d) level
and then at the B3LYP/6-31++G(d, p) level.>°The energies of the ionic component interactions
for the calculated aggregates in an aqueous environment were determined without

considering the error in the superposition of the base (BSSE) because of Gaussian 09
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limitations. Individual ion pairs were optimized without constraints using the Gaussian09

program?® with the LOOSE convergence criteria.
Germination test

Germination tests were performed using a commercial Phytotoxkit test (Tigret Company,
Belgium). Garden soil (100 g) was placed on a Phytotoxkit plate, to which 23 mL of water were
added. Then, 10 of mustard (Sinapis alba) seeds were placed on the plate. The mustard seeds
were soaked in an aqueous solution at the respective concentration (25, 50 or 100 mg L) for
12 h before being placed in the soil. Reference samples were prepared using a commercial
rooting agent at the respective concentration (25, 50 or 100 mg L'). The prepared Phytotoxkit
plates were placed in an incubator at a constant temperature (21 + 1 °C). The tests were
performed in triplicate for each concentration. Observations were made for 7 days. The
number of germinated seeds were counted every day and used to determine the germination

capacity. The germination capacity was determined using the following formula:
— (G5 %

6= (£)*100%

Gs — number of germinated seeds, G — total number of examined seeds

The length of roots and shoots was measured at the end of the experiment.
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Figure S1. 'H NMR spectrum of L-arginine indole-3-butyrate (1)
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Figure S2. 13C NMR spectrum of L-arginine indole-3-butyrate (1)
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Figure S3. UV spectrum of L-arginine indole-3-butyrate (1)
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Figure S4. 'H NMR spectrum of L-histidine indole-3-butyrate (2)

' 3DKK-208-2-H1-D20-MEOH-1_1.ESP
0.95

0.904

0.854

0.803 o

0.754

0.705 o

0.655

0.60-5

0.554

0.505

0.45-

E ® \

0.403 H

Normalized Intensity

0.354

0.305

0.255

0.205

—7.12

0.154

E 3
0.10 10

3 \ ¢
0.053

B e e L L o e e B e T L0 e
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.

Chémical Shift (ppm)

—7.24

—7.42

Jre= 308
hPE. fg
TN%

o
w
al
w
o
N
qal
INE
o]
P
al
[
(]
o
al
(]

IH NMR (400 MHz, CDsOD:D,O0 4:1) & [ppm] = 198 (2H, m, CH.CH,CH,COO’); 2.32 (2H, m, CH,CH.CH,COOY);
2.77 (2H, m, CH2CH2CH,CO0"); 3.26 (1H, m, CH2CH(NH2)COOH); 3.30 (1H, m, CH2CH(NH2)COOH); 3.98 (1H, m, CH2CH(NH2)COOH); 7.12 (3H, m,
CCHCHCHCHC, CCHNH); 7.24 (1H, s, CCHNHCHN*H); 7.42 (1H, m, CCHCHCHCHC); 7.59 (1H, m, CCHCHCHCHC); 8.24 (1H, s, CCHNHCHN*H).

S9



Figure S5. 13C NMR spectrum of L-histidine indole-3-butyrate (2)
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Figure S6. UV spectrum of L-histidine indole-3-butyrate (2)
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Figure S7. 'H NMR spectrum of binary mixture of L-proline:indole-3-butyric acid (1:1) (3)
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Figure S8. 13C NMR spectrum of binary mixture of L-proline:indole-3-butyric acid (1:1) (3)
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Figure S9. UV spectrum of binary mixture of L-proline:indole-3-butyric acid (1:1) (3)
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Figure $10. *H NMR spectrum of binary mixture of betaine:indole-3-butyric acid (1:1) (4)
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Figure S11. 3C NMR spectrum of binary mixture of betaine:indole-3-butyric acid (1:1) (4)
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Figure $12. UV spectrum of binary mixture of betaine:indole-3-butyric acid (1:1) (4)
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Figure $12. 'H NMR spectrum of cholinium indole-3-butyrate (5)
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Figure $13. 3C NMR spectrum of cholinium indole-3-butyrate (5)
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Figure S14. UV spectrum of cholinium indole-3-butyrate (5)
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Figure S15. Possible structures of ammonium salts are shown: 1a, 1b and 1 in a water
environment correspond to ionic pairs of a protonated amino acid (charge +1) and an anion
of indole-3-butyric acid (charge -1); 2b and 3b in water exists as ionic pairs of a protonated
amino acid (charge +1) and an anion of indole-3-bututyric acid (charge -1); and binary mixtures
23, 33, 3c and 4a and ionic pairs of glycine betaine and an anion of indole-3-butyric acid 4b
(charge -1). Similarly, 31 is an ionic pair of a proline zwitterion and an IBA carboxylate. 25 is
presented as an ionic pair of protonated amino acids (charge +1) and two anions of ndole-3-
butyric acid. The association of glycine betaine and two anions of indole-3-butyric acid 4, (total
charge -2) is shown

Table S1. Intra- and intermolecular hydrogen bond parameters calculated in water at B3LYP/6-
31++G(d,p) level for equimolar binary mixtures and ion pairs of indole-3-butyric acid and
arginine (1), as well as histidine (22) and betaine (43)

total intermolecular hydrogen bond
No charge hydrogen bond parameters
[a.u.] length(A), angle (degree)
1, -1 NArg_ammp]  (Q7/BAnol 1.509 (173.5)
NAe_ammyq  (Q2'BAnol 2.493 (110.8)
NAgammy (Q1AE2) 2.040 (113.5)
NAre_guay Q2Awe2) 1.875 (171.1)
N1Aesguay  (]'BAno2 1.756 (179.5)
N1Ae-guay (Q2'BAno2 2.882 (128.5)
N2Ae-guay (Q28ano2 1.723 (179.1)
N2Are_guay (]'BAno2 2.829 (128.0)
2; -1 NHis_ammpy  ~(Q]!BAnol 1.490 (172.5)
NHis_ammp - (2!BAnol 2.701 (131.1)
NHis_ammpy - Q1Hisa) 1.962 (117.4)
N1His_imH  Q7'BAno2 1.449 (178.1)
N1HisimH _ (Q2!BAnc2 2.538 (116.5)
C2MisImy  (O2'BAno2 2.565 (115.7)
4, -1 CMetly |, (Q]'BAnol 2.290 (174.1)
CMetly  (Q2'BAnol 2.917 (136.3)
CMe2y | (Q2!BAnol 2.299 (156.0)
CMeBH ,, (Q2!BAnol 2.382 (153.1)
CMetlH . Q18eth) 2.336 (121.9)
CMet3H  O1Betb) 2.313 (121.7)
C(0)O1H'BAe2  (O1Bet 1.617 (170.0)
C(O)O1H"BA | O28et 3.070 (132.9)
N'BAIndH  Q28et 1.903 (162.1)

a) intramolecular hydrogen bond between ammonium group and carboxylate of arginine;
b) intramolecular hydrogen bond between N-methyl group and carboxylate of betaine;
9 binary mixture.
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Table S2. Complexation energy of ionic or neutral components of ion pairs or binary mixtures
1,, 2,, and 4, in a water environment for geometries calculated at B3LYP/6-31++G(d,p) level

total complexation

No C[I::‘fr class of junction [k;rll;errfgle]
1, 1 amonium (*NHs + acid anion) -17.1
guanidinium (*gua + acid anion) -16.7
2, 1 amonium (*NH; + acid anion) -19.9
imidazolium (*his + acid anion) -8.9
4 i carboxylate (carboxylate anion of betaine + acid) -14.7
tetraalkiloammonium (*N(CHs)s + acid anion) -2.7

Table S3. Electronic energy (Hartree) of ion pairs or binary mixtures of arginine, histidine and
betaine with acidic (anionic) IBA in a water environment for geometries calculated at B3LYP/6-
31++G(d,p) level for a 1:2 molar ratio

total type
No charge class of compound of interaction [Hartree]
[a.u.]
. . . *gua - 0,C
1, -1 protonated aminoacid + two anion i -1277.0433542
*NH3- "0,C
2; -1 protonated aminoacid + two anion imid ___OZC -1889.1836824
*NH3-"0,C
H--
4, -1 betaine + acid anion + acid C(+O)O i 0:L -1072.8022953
NHz- "0,C
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Figure $16. 3C NMR spectrum of L-arginine, L-arginine HCl, and 1
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Figure S17. 'H NMR spectrum of L-histidine, IBA, L-histidine HCI, and 2
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Figure $18. 3C NMR spectrum of L-histidine, L-histidine HCI, and 2

| | L-histidine

k { L-histidine HCI

1 :,,»\HM.I._L J__N z

180 160 140 120 100 80 60 40 20

Chemical Shift (ppm)

S27




Figure $19. 3C NMR spectrum of L-proline, L-proline HCI, and 3
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Figure $20. 'H NMR spectrum of betaine, IBA, betaine HCI, and 4
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Figure S21. 3C NMR spectrum of betaine, betaine HCI, and 4
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Table S4. Solubility of prepared products at 25 °C

—_ 9 ©
- 8 o = ] g E
2 s o £ S g £
No 5 £ = § ®§ g ¢
2 @ o 2 =} s o
= Q < ) =
< L] o
1 +
2 +
3 +
4 +
5a
IBA

—I: good solubility; #: limited solubility; 8: poor solubility; 2Data from literature?

Table S5. Changes in IBA content for 1, 2, 3, 4, 5 and indole-3-butyric acid (IBA) during storage
in water in the dark

Time Content of IBA [%]

[Days] IBA 1 2 3 4 5
0 100.00+0.2 100.00+0.5 100.00+0.8 100.00+0.3 100.00+0.6 100.00+0.3
1 99.98+1.0 99.96+0.3 99.35+0.3 99.98+0.4 99.76£0.4 99.97+0.4

7 99.88+0.2  99.95+0.8 99.30+0.7 99.82+0.9  99.71+0.6 99.78+0.1
14 99.81+0.3 99.93+0.6 98.97+0.9  99.78+0.6  99.63+0.1 99.74+0.6
28 99.75+0.5 99.62+0.4  98.44+0.5 99.66+0.1  99.60+0.2 99.71+0.3

S31



Table S6. Degradation of IBAin 1, 2, 3, 4, 5 and indole-3-butyric acid (IBA) during storage in
water in the dark

Time
[Days]

14

28
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Table S7. Changes in IBA content for 1, 2, 3, 4, 5 and indole-3-butyric acid (IBA) during
storage in water in the light.

Time Content of IBA [%]
[Days] IBA 1 2 3 4 5

0 100.00+0.2 100.00+0.5 100.00+0.7 100.00+1.3 100.00+0.5 100.00+0.8

1 99.85+1.1 99.90+0.9 99.93+0.4 99.71+0.6 99.92+0.1 99.57%0.6
7 99.46+0.5 99.60+1.1 98.68+0.9 99.27+0.4 99.5610.6 99.49+0.1
14 99.17+0.6  96.23+0.3 88.96+0.6 98.84+0.8 98.49+0.1 93.72%0.6
28 93.40+0.1 82.21+0.4 64.19+1.2 84.08+0.7 88.22+0.2 80.61+0.5
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Table S8. Degradation of IBAin 1, 2, 3, 4, 5 and indole-3-butyric acid (IBA) during storage in
water in the light

Time
[Days]

IBA 1 2 3 4 5

14

28
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Table S9. Influence of ammonium salts and binary mixtures containing indole-3-butric acid on seed mustard germination capacity

No concentration | day Il day 1l day IV day V day VI day VIl day
[mg L] [%] £ St. Dev. [%] * St. Dev. [%]St.Dev. [%]+St.Dev. [%]xSt.Dev. [%]zxSt.Dev. [%]t St.Dev.
25 0.00£0.0 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58
1 50 6.67 £ 0.58 73.33 £ 0.58 80.00 + 0.58 80.00 + 0.58 80.00 + 0.58 86.67 £ 0.58 86.67 + 0.58
100 6.67 £ 0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67 +0.58
25 10.00+1.73 80.00+0.0 90.00+ 1.0 90.00+ 1.0 90.00+ 1.0 90.00+ 1.0 93.33+1.0
2 50 20.00+1.00 80.00+0.0 80.00+1.0 80.00+ 1.0 80.00+ 1.0 86.67 £+ 1.0 86.67 £1.0
100 6.67 £ 0.58 20.00+£1.00 40.00+1.0 40.00+1.0 40.00+ 1.0 40.00+£ 1.0 40.00+1.0
25 3.33+£0.58 66.67+0.58 73.33+0.58 73.33+0.58 73.33+0.58 76.67+0.58 76.67 +0.58
3 50 6.67 £1.15 73.33+0.58 93.33+0.58 93.33+0.58 93.33+0.58 96.67+0.58 96.67 +0.58
100 0.00+0.0 13.33+1.15 13.33+1.15 13.33+1.15 13.33+1.15 13.33+1.15 13.33+1.15
25 0.00+£0.0 73.33+1.53 83.33+0.58 83.33+0.58 83.33+0.58 86.67+0.58 86.67 £0.58
4 50 0.00£0.0 26.67 £ 1.15 60.00+£ 0.0 60.00+ 0.0 60.00 £ 0.0 76.67 £0.0 76.67 £ 0.0
100 6.67 £1.15 33.33+1.53 63.33+2.08 63.33+2.08 63.33+2.08 63.33+2.08 73.33+2.08
25 26.67+0.58 56.67 +1.53 66.67+0.58 66.67+0.58 66.67+0.58 66.67+0.58 66.67 £0.58
5 50 16.67+0.58 66.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67£0.58
100 10.00 £ 0.0 53.33+2.52 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58 86.67+0.58
25 0.00+0.0 30.00+0.0 43.33+0.58 4333+1.0 43.33 + 0.58 56.67 £ 0.58 50.00 + 0.58
REF 50 0.00+0.0 10.00+1.0 50.00+ 1.0 50.00 + 1.53 50.00+ 1.0 50.00% 1.0 60.00+ 1.0
100 0.00£0.0 10.00+ 1.0 30.00+1.0 30.00 £ 0.58 30.00+1.0 33.33+1.0 33.33+1.0
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Figure S22. Effect of ammonium salts and binary mixtures containing indole-3-butric acid at
50 mg L' concentration on mustard shoot and root lengths
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Figure S23. Effect of ammonium salts and binary mixtures containing indole-3-butric acid at

100 mg L! concentration on mustard shoot and root lengths
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	NMR spectra (1H and 13C NMR) were prepared in deuterated water and methanol (4:1) containing TMS as the internal standard. Measures were carried out using a Varian Mercury 300 and Varian VNMR-S 400 MHz spectrometers.
	The UV spectra of the samples were recorded at 25  C using a UV-1601 spectrophotometer (Rayleigh) in the 200-360 nm range using quartz cuvettes with a 1-cm path length and a 1.5-nm bandwidth. Water solutions of the products at concentrations of 0.0024...
	The water content was determined using an Aquastar volumetric Karl Fischer titrator EMD Millipore (Billerica, MA, USA) with a Composite 5 solution as the titrant and anhydrous methanol as the solvent.
	Thermal gravimetric analysis (TGA) was performed using a Mettler Toledo Stare TGA/DSC1 unit (Leicester, UK) under nitrogen. Samples weighing between 2 and 10 mg were placed in aluminum pans and heated from 30 to 450  C at a heating rate of 10  C min−1.
	The thermal transition temperature was determined by differential scanning calorimetry (DSC) with a Mettler Toledo Stare DSC1 (Leicester, UK) unit under nitrogen. Samples weighing between 5 and 15 mg were placed in aluminium pans and heated from 25 to...
	The pH of the water solutions of the obtained salts and binary mixtures (in a 10:0.1 mass ratio) was measured at 25  C using a S47 SevenMulti™ Mettler Toledo equipped with a Mettler Toledo semi-micro combination electrode (Inlab® 421) filled with 3 M ...

