
Characterization of Dialkyldithiophosphates as Slow Hydrogen
Sulfide Releasing Chemicals and Their Effect on the Growth of Maize
Justin M. Carter,† Eric M. Brown,† Erin E. Irish,‡ and Ned B. Bowden*,†

†Department of Chemistry, University of Iowa, Iowa City, Iowa 52242, United States
‡Department of Biology, University of Iowa, Iowa City, Iowa 52242, United States

*S Supporting Information

ABSTRACT: Hydrogen sulfide is a key gasotransmitter for plants and has been shown to greatly increase their growth and
survival in the presence of environmental stressors. Current methods for slowly releasing hydrogen sulfide use chemicals, such as
GYY-4137, but these result in the release of chemicals not found in the environment, and chemicals used may lack structures
that can be readily tuned to affect the rate of release of hydrogen sulfide. In this article, we describe the synthesis and slow
release of hydrogen sulfide from dialkyldithiophosphates, which are a new set of hydrogen sulfide releasing chemicals that can
be used in agriculture. The rates of hydrolysis of dibutyldithiophosphate and GYY-4137 were measured in water at 85 °C and
compared with each other to investigate their differences. GYY-4137 is widely used as a chemical that slowly releases H2S, but
its rate of release was not previously quantified. The release of hydrogen sulfide in water at room temperature was measured for
a series of dialkyldithiophosphates using a hydrogen sulfide electrode. It was shown that the structure of the
dialkyldithiophosphate affected the amount of hydrogen sulfide released. The final degradation products of
dibutyldithiophosphate were shown to be phosphoric acid and butanol, which are chemicals found in the environment. This
result was notable because it demonstrated that dialkyldithiophosphates degrade to safe, natural chemicals that will not pollute
the environment. To demonstrate that dialkyldithiophosphates have potential applications in agriculture, maize was grown for
4.5 weeks after exposure to 1−200 mg of dibutyldithiophosphate, and the weight of corn plants increased by up to 39% at low
loadings of dibutyldithiophosphate.
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■ INTRODUCTION

Hydrogen sulfide (H2S) has recently been recognized as a key
gasotransmitter in numerous plants. H2S can increase plant
growth, survival in the presence of environmental stressors, and
harvest yields.1−4 In 2004 and 2005, several enzymes that
produce H2S from cysteine were discovered, complementing
the discovery in 1987 of an H2S producing enzyme found in
chloroplasts and mitochondria.5−7 Since 2005, scientists have
repeatedly demonstrated that H2S delivered at optimal
concentrations to plants has dramatic effects: more than
doubling the sizes of roots, protecting plants from drought and
heat, inhibiting freezing stress in leaves, protecting plants from
high concentrations of salt, and prolonging the shelf-lives of
harvested fruit.8−13 Prior to 2007, most research showed that
H2S had a negative effect on plants (i.e., inhibited their growth
or killed the plants), but since then, it has been shown to have
positive effects when delivered at optimal doses on lettuce,
strawberries, wheat, corn, soybeans, sweet potatoes, cucum-
bers, rice, peas, spinach, tomatoes, broccoli, lettuce, sugar
beets, radishes, alfalfa, and kiwi.14−39 The identity of the
“optimal dose” of H2S delivered to plants differs widely from
paper to paper because of the challenges of delivering specified
amounts of a low boiling point gas that rapidly evaporates after
delivery (the boiling point of H2S is −60 °C).
Many of the early and current reports of H2S in agriculture

used aqueous H2S that was made by dissolving solid NaSH or
Na2S in water. In these studies, seeds or plants were watered
once or twice daily with aqueous H2S at concentrations from

micromolar to several millimolar. Low concentrations of
aqueous H2S led to positive effects, such as those already
mentioned as well as increased root length; increased number
of roots; increased rate of germination; increased mass of the
plant; and increased survival in the face of environmental
stressors such as excessive heat, drought, low iron, high
concentrations of heavy metals, and more.14−39 At higher
loadings of several millimolar H2S, plants suffered and did
poorly compared with the plants grown without exogenous
H2S. Although informative, in these experiments most (likely
>95%) of the H2S evaporated, and only a small, unknown
amount was adsorbed by the plants. In addition, the
administration of aqueous H2S to plants also resulted in the
release of H2S into the atmosphere, which was a problem
because it was toxic at loadings as low as several parts per
million and possessed a strong, unpleasant odor of rotten
eggs.40 Prior work with aqueous H2S did not identify the
amount of H2S needed to have a positive effect on plants, but
these papers described the importance of controlling the
amount of H2S delivered to plants to have a beneficial effect
and avoid negative effects. In this paper we describe a new set
of chemicals never used in agriculture that slowly degrade to
release H2S, can be used to control the amount of H2S
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delivered to plants, and have degradation products that are
natural, safe chemicals in the environment.
To address the challenges of working with aqueous H2S,

scientists have used small chemicals that slowly release H2S,
such as GYY-4137 (Figure 1).3,41−44 In our prior work, the
administration of 1−250 mg quantities of GYY-4137 per seed
was shown to double the weight of radish plants and nearly
double the weight of a head of lettuce.3 The doubling of the
weight of radishes happened at loadings of only 10 mg of GYY-
4137; at this loading of GYY-4137, the radish plants were only
exposed to a maximum of 1.8 mg of H2S over 4.5 weeks.
Although GYY-4137 has been widely used by us and others

in agricultural and medicinal studies, its rate of hydrolysis and
release of H2S are poorly understood.3,42,44,45 We and others
reported that only a few percent of GYY-4137 hydrolyzed in
water after 30 days but that the rate of hydrolysis was much
faster in organic solvents such as chloroform or DMSO with
residual water present.3,42,44 In many agricultural studies, the
use of GYY-4137 to deliver H2S was an improvement from the
use of aqueous H2S because it did not lead to toxic levels of
H2S in the atmosphere above the plants, and the location of
release of H2S could be controlled by the careful addition of
GYY-4137 on a plant. GYY-4137 has two limitations that
hinder its use and future applications. First, upon hydrolysis,
GYY-4137 releases an amine and a phosphate that are not
naturally found in the environment and have unknown effects
on plants. Second, the structure of GYY-4137 does not readily
lend itself to changes that could alter its rate of release of H2S.
A recent paper reported the synthesis of derivatives of GYY-
4137 by replacing morpholine with other amines, but the
kinetics of the rates of release of H2S were not measured.46

Unfortunately for applications in agriculture, these H2S-
releasing chemicals hydrolyzed to release H2S and chemicals
not naturally found in the environment.
In this article, we report the one-step synthesis of

dialkyldithiophosphates and their rates of release of H2S
(Figure 1b). Dialkyldithiophosphates are commonly used as
ligands for zinc to yield lubricants, but their applications in
agriculture have not been investigated before.47−52 Their rates
of hydrolysis and release of H2S were initially reported in 1962
and 1984.53,54 A report in 1962 described the half-life of
hydrolysis of diethyldithiophosphate at room temperature to
be 250 h in 1 M HCl and 4.8 h in 10 M HCl. The rate of
hydrolysis decreased by orders of magnitude when the size of
the alkyl groups was increased, according to a report in 1984.53

In this report, the half-life of hydrolysis of di(2-ethylhexyl)-
dithiophosphate at room temperature was estimated to be over
2 years in 1 M HCl on the basis of an observation that only
10% hydrolyzed after 5 months. This prior work demonstrated

that hydrolysis and the release of H2S from dialkyldithiophos-
phates were sensitive to the sizes of the alkyl groups used in
their synthesis and could provide a method to control the rate
of release of H2S. We believe dialkyldithiophosphates are an
improvement on GYY-4137 because in addition to having
controlled rates of hydrolysis, they degrade to release fatty
alcohols and phosphoric acid, which are already present in the
environment. Their degradation products are safe and do not
present a hazard to their use.
In this article, we report the synthesis and release of H2S

from a series of dialkyldithiophosphates synthesized from fatty
alcohols with different lengths and compare their rates of
hydrolysis with the rate of hydrolysis of GYY-4137, which was
measured for the first time. To demonstrate the potential
applications of dialkyldithiophosphates in agriculture, we also
describe their effects on the growth of corn 4 weeks after
exposure to milligram loadings of dibutyldithiophosphate. We
believe that dialkyldithiophosphates are interesting new H2S
releasing chemicals for applications in agriculture because they
have slow and controlled release of H2S, their rate of H2S
release can be varied by changing their structures, and they
ultimately degrade to release natural and safe chemicals.

■ EXPERIMENTAL PROCEDURES
Materials and Methods. The corn seeds used were Golden ×

Bantam (SVCOR113-qb5) from Eden Brother’s in Arden, NC.
Potting mixes were obtained from Beautiful Land Products in West
Branch, IA. Potting mix #4 was peat/bark based general purpose
growing mix. Pots were 6″ TEKU VCC 15 US 0600 (1.48 L)
purchased from Hummert International.

All chemicals were obtained from Sigma-Aldrich. The dialkyldi-
thiophosphates and GYY-4137 were synthesized by variation of
published methods, and their NMR spectra were compared to
literature values.44 The NMR spectra were obtained using a Bruker
Avance-300 at 300 MHz, a Bruker DRX-400 at 400 MHz, and a
Bruker DPX-500 at 500 MHz. An amperometric H2S microsensor for
real time H2S monitoring was purchased from Analysenmesstechnik
GmBH.

Synthesis of Dialkyldithiophosphates. Dibutyldithiophos-
phate Ammonium Salt. n-Butanol (30.9 mL, 338 mmol) was
added slowly over 2 min to a mixture of P4S10 (18.66 g, 42.0 mmol)
and toluene (75 mL). The contents were stirred at 85 °C for 16 h.
Toluene was removed under reduced pressure, the crude
dibutyldithiophosphate was cooled in an ice bath, and a 28%
ammonium hydroxide solution in water (23.0 mL, 161.7 mmol) was
added slowly over 2 min. Water was removed under reduced pressure
yielding the dibutyldithiophosphate ammonium salt, which was
recrystallized twice from hot toluene to give a white solid (79%
yield). 1H NMR (300 MHz, CDCl3) δ 6.97 (b, 4H), 4.00 (q, 4H),
1.67 (p, 4H), 1.38 (m, 4H), 0.94 (t, 6H); 13C NMR (75 MHz,
CDCl3) δ 66.92, 32.60, 19.23, 13.97;

31P NMR (300 MHz, CDCl3) δ

Figure 1. Degradation products of (a) GYY-4137 and (b) diethyldithiophosphate. GYY-4137 releases 2 equiv of H2S but also 2 equiv of
morpholine and a non-natural phosphate. Diethyldithiophosphate releases 2 equiv of H2S; 2 equiv of ethanol; and phosphoric acid, which is
commonly used in fertilizer.
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109.89. The other ammonium salts were synthesized by the same
procedure unless otherwise noted.
Dibutyldithiophosphate. The protonated acid of dibutyldithio-

phosphate was obtained by dissolving dibutyldithiophosphate
ammonium salt (0.76 g, 2.95 mmol) in a cold solution of H2SO4
(0.62 mL, 11.63 mmol) in water and washing three times with 10 mL
of CHCl3. The organic layers were combined and washed with
Na2SO4. The CHCl3 was removed under reduced pressure, giving a
tan, viscous liquid (98% yield). 1H NMR (300 MHz, CDCl3) δ 4.15
(q, 4H), 2.82 (b, 1H), 1.72 (p, 4H), 1.43 (m, 4H), 0.95 (t, 6H); 13C
NMR (75 MHz, CDCl3) δ 68.26, 32.11, 18.92, 13.73;

31P NMR (300
MHz, CDCl3) δ 86.15.
Diethyldithiophosphate Ammonium Salt. Ethanol (4.7 mL, 81.0

mmol), P4S10 (4.38 g, 9.85 mmol), toluene (40 mL), 28% ammonium
hydroxide in water (4.4 mL, 30.1 mmol). Recrystallized twice from
hot ethanol to give a pink solid (31% yield). 1H NMR (300 MHz,
D2O) δ 4.06 (q, 4H), 1.30 (t, 6H); 13C NMR (75 MHz, D2O) δ
65.58, 18.07; 31P NMR (300 MHz, D2O) δ 111.60.
Dihexyldithiophosphate Ammonium Salt. n-Hexanol (2.5 mL,

19.5 mmol), P4S10 (1.08 g, 2.43 mmol), toluene (20 mL), 28%
ammonium hydroxide in water (0.7 mL, 5.2 mmol). White solid (75%
yield). 1H NMR (300 MHz, CDCl3) δ 7.09 (b, 4H), 3.96 (q, 4H),
1.69 (p, 4H), 1.32 (m, 12H), 0.89 (t, 6H); 13C NMR (75 MHz,
CDCl3) δ 67.34, 31.70, 30.49, 25.69, 22.78, 14.19; 31P NMR (300
MHz, CDCl3) δ 109.69.
Dioctyldithiophosphate Ammonium Salt. n-Octanol (15.0 mL

94.4 mmol), P4S10 (5.07 g, 11.4 mmol), toluene (60 mL), 28%
ammonium hydroxide in water (5.9 mL, 40.1 mmol). White solid
(73% yield). 1H NMR (300 MHz, CDCl3) δ 6.96 (b, 4H), 3.95 (q,
4H), 1.68 (p, 4H), 1.27 (m, 20H), 0.88 (t, 6H); 13C NMR (75 MHz,
CDCl3) δ 67.24, 32.03, 30.57, 29.50, 29.36, 26.07, 22.83, 14.25; 31P
NMR (300 MHz, CDCl3) δ 109.67.
Didecyldithiophosphate Ammonium Salt. n-Decanol (5.80 mL,

30.4 mmol), P4S10 (1.69 g, 3.80 mmol), toluene (25 mL), 28%
ammonium hydroxide in water. White solid (74% yield). 1H NMR
(300 MHz, CDCl3) δ 6.65 (b, 4H), 3.97 (q, 4H), 1.68 (p, 4H), 1.26
(m, 28H), 0.88 (t, 6H); 13C NMR (75 MHz, CDCl3) δ 67.34, 32.10,
30.59, 29.89, 29.83, 29.64, 29.55, 26.09, 22.85, 14.26; 31P NMR (300
MHz, CDCl3) δ 109.57.
Didodecyldithiophosphate Ammonium Salt. n-Dodecanol (16.7

mL, 73.5 mmol), P4S10 (4.10 g, 9.22 mmol), toluene (30 mL), 28%
ammonium hydroxide in water (4.20 mL, 29.5 mmol). White solid
(82% yield). 1H NMR (300 MHz, CDCl3) δ 7.13 (b, 4H), 3.95 (q,
4H), 1.68 (p, 4H), 1.26 (m, 28H), 0.88 (t, 6H); 13C NMR (75 MHz,
CDCl3) δ 67.24, 32.10, 30.59, 29.92, 29.67, 29.56, 29.64, 26.10, 22.85,
14.25; 31P NMR (300 MHz, CDCl3) δ 109.58.
Stability of Dibutyldithiophosphate and Dibutyldithio-

phosphate Ammonium Salt. Dibutyldithiophosphate (viscous
liquid, 122.8 mg, 0.50 mmol) and dibutyldithiophosphate ammonium
salt (white solid, 133.5 mg, 0.51 mmol) were added to separate vials
and capped. The chemicals were stored at room temperature. 31P
NMR spectra (300 MHz, D2O) were taken on days 0 and 41. The
hydrolysis percents were measured by integrating peaks in the 31P
NMR spectra. The dibutyldithiophosphate was 35% hydrolyzed after
41 days, and the dibutyldithiophosphate ammonium salt showed no
change in the 31P NMR spectrum and did not hydrolyze.
Investigation of the Degradation of Dibutyldithiophos-

phate by 31P NMR Spectroscopy. Dibutyldithiophosphate (77.0
mg, 0.318 mmol) was dissolved in 1.60 mL of 90% H2O/D2O
buffered with Bis-Tris (1 M) to pH 7, yielding a 0.20 M solution. The
solution was added to an NMR tube and placed in an 85 °C oil bath.
31P NMR spectra (300 MHz) were taken periodically to track
degradation.
The hydrolysis of dibutyldithiophosphate was monitored in

buffered 90% H2O/D2O at pH 7 at room temperature by 31P NMR
spectroscopy. Two studies were completed at 0.20 and 0.52 M.
Dibutyldithiophosphate (77.0 mg, 0.318 mmol) was dissolved in 1.60
mL of 90% H2O/D2O buffered with Bis-Tris (1 M) at pH 7, yielding
a 0.20 M solution. Dibutyldithiophosphate (99.0 mg, 0.409 mmol)
was dissolved in 0.79 mL of 90% H2O/D2O buffered with Bis-Tris (1

M) at pH 7, yielding a 0.52 M solution. The 31P NMR spectra (300
MHz, 90% H2O/D2O) of both samples were collected at day 0 and
day 35.

The hydrolysis of dibutyldithiophosphate was also measured in
CDCl3 at room temperature by 31P NMR spectroscopy. Dibutyldi-
thiophosphate (67.2 mg, 0.277 mmol) was dissolved in 1.30 mL of
CDCl3, yielding a 0.21 M solution. The 31P NMR spectra (300 MHz,
CDCl3) were collected at day 0 and day 29.

Investigation of the Degradation of GYY-4137 by 31P NMR
Spectroscopy. GYY-4137 (74.4 mg, 0.198 mmol) was dissolved in
1.51 mL of 90% H2O/D2O buffered with Bis-Tris to pH 7, yielding a
0.13 M solution. The solution was added to an NMR tube and placed
in an 85 °C oil bath. 31P NMR spectra (300 MHz, 90% H2O/D2O)
were taken periodically to track degradation.

Investigation of the Degradation of Dialkyldithiophos-
phate Ammonium Salts Using an H2S Electrode. To a glass jar,
H2O buffered with Bis-Tris (1 M) to pH 6.7 was added. A baseline of
the concentration of H2S was measured for an hour to confirm that it
was zero. Next, dialkyldithiophosphates were added to the buffered
water to yield different concentrations as described in this paper. The
aqueous solution of H2S was capped with a rubber stopper that had a
hole cut into it for the H2S electrode. Parafilm was wrapped tightly
around the cap to ensure a closed system. The measurements were
logged into a spreadsheet every two seconds.

GYY-4137 (13.79 g, 36.6 mmol) was added to 72.0 mL of buffered
H2O, yielding a 0.51 M solution.

GYY-4137 (3.21 g, 8.52 mmol) was added to 70.9 mL of buffered
H2O, yielding a 0.12 M solution.

GYY-4137 (1.52 g, 4.04 mmol) was added to 70.0 mL of buffered
H2O, yielding a 0.058 M solution.

Dibutyldithiophosphate (9.04 g, 34.9 mmol) was added to 70.0 mL
of buffered H2O, yielding a 0.50 M solution.

Dibutyldithiophosphate (4.42 g, 17.0 mmol) was added to 70.0 mL
of buffered H2O, yielding a 0.24 M solution.

Dibutyldithiophosphate (2.17 g, 8.38 mmol) was added to 70.9 mL
of buffered H2O, yielding a 0.19 M solution.

Diethyldithiophosphate (3.63 g, 17.9 mmol) was added to 71.0 mL
of buffered H2O, yielding a 0.25 M solution.

Dihexyldithiophosphate (5.57 g, 17.6 mmol) was added to 70.0 mL
of buffered H2O, yielding a 0.25 M solution.

Dioctyldithiophosphate (6.52 g, 17.5 mmol) was added to 70.3 mL
of buffered H2O, yielding a 0.25 M solution.

Didodecyldithiophosphate (8.46 g, 17.5 mmol) was added to 70.8
mL of buffered H2O, yielding a 0.25 M solution.

Growth of Corn Exposed to Dibutyldithiophosphate. Corn
was planted on September 5, 2017, in 6″ TEKU pots. The pots were
packed finger tight with potting mix #4 from Beautiful Land Products.
The corn seeds were planted approximately 1.5 in. deep. We planted
50 seeds of corn for every loading of dibutyldithiophosphate
ammonium salt. After the seeds were added to the soil, the
dibutyldithiophosphate ammonium salt was added as a fully dissolved
aqueous solution. Tap water (500 mL) was added to a measured
amount of the salt to yield the desired amount in 10 mL of the salt.
After mixing well for 10 min, the aqueous solution was added to each
plant via syringe (10 mL) immediately around and on the seed. After
the salt was added, the plants were moved outside onto the balcony of
a greenhouse in full sunlight until harvest. The corn plants were
watered daily.

Corn was harvested on October 6, 2017. The height of a plant was
taken by straightening the corn plant out by the leaves and measuring
from the base of the shoot to the longest point on the leaf. The weight
of the shoot and leaves was taken using a balance after the roots were
removed.

Statistical Analysis. Statistical analysis was performed using IBM
SPSS Statistics 25. A nonparametric Kruskal−Wallis test was
performed to determine significance. Data represented are means ±
standard error with two asterisks (**) indicating α < 0.05 and one
asterisk (*) indicating α < 0.1.
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■ RESULTS AND DISCUSSION

Synthesis and Stability of Dialkyldithiophosphates.
Dialkyldithiophosphates were readily synthesized from alco-
hols and commercially available P4S10 using a method reported
in the literature (Figure 2).48,53,55 The dialkyldithiophosphates
were not isolated; rather, they were converted to the
ammonium salts and isolated by crystallization. This reaction
sequence was used to synthesize dialkyldithiophosphate salts
using ethanol, butanol, hexanol, octanol, decanol, and
dodecanol, and the isolated yields of the salts are shown in
Figure 2b.
The salts were isolated rather than the protonated

dialkyldithiophosphates for two reasons. First, the salts were
easy to purify by crystallization. Second, the salts were stable at
room temperature, but the protonated dialkyldithiophosphates
were not. Samples of the ammonium salt of dibutyldithio-
phosphate and the protonated acid of this chemical were
placed in separate vials without any solvent and stored at room
temperature for 41 days. The salt was a solid, and the

protonated dibutyldithiophosphate was a viscous liquid. These
samples were characterized by 31P NMR spectroscopy at days
0 and 41. The salt showed no degradation after 41 days, but
the protonated dibutyldithiophosphate hydrolyzed by 35%
over this time period (Figures S1 and S2).

Hydrolysis of Dibutyldithiophosphate Monitored by
31P NMR Spectroscopy. There are numerous methods to
monitor the release of H2S, such as the use of gas
chromatography, HPLC, H2S electrodes, and fluorescent
probes and the formation of tin sulfide.56−62 Recent work
has focused on the development of probes that strongly
fluoresce after reacting with H2S and that can work in cellular
environments. We chose to investigate the hydrolysis of
dibutyldithiophosphate by 31P NMR spectroscopy and by use
of a H2S electrode.

31P NMR spectroscopy was chosen because
it provided the most quantitative data about the long-term
hydrolysis of dibutyldithiophosphate in a range of solvents and
at a range of temperatures. Furthermore, 31P NMR spectros-
copy allowed the rate constants for the degradation of

Figure 2. (a) Synthesis of dialkyldithiophosphates. The synthesis started with 8 equiv of an alcohol per 1 equiv of P4S10. The ammonium salt was
isolated and could be converted into the protonated chemicals using dilute H2SO4. (b) Yields of the ammonium salts using different fatty alcohols.

Figure 3. (a) Pathway for the hydrolysis of dibutyldithiophosphate in 90% H2O/10% D2O at 85 °C. (b) 31P NMR spectra of the hydrolysis of
dibutyldithiophosphate in 90% H2O/10% D2O at 85 °C on different days.
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dibutyldithiophosphate to be extracted and its final degrada-
tion products to be identified. 31P NMR spectroscopy did not
directly measure the release of H2S, because it did not measure
the concentration of H2S, but an H2S electrode was used for
those measurements. The H2S electrode was chosen because it
provided real time data about the concentration of H2S for
numerous hours and was simple to set up.
The degradation of dibutyldithiophosphate at room temper-

ature was followed by 31P NMR spectroscopy in water and in
CDCl3. The hydrolysis of dibutyldithiophosphate in 90%
H2O/10% D2O at room temperature was slow, as determined
by 31P NMR spectroscopy. At concentrations of 0.20 and 0.52
M, less than 3% of dibutyldithiophosphate had hydrolyzed
after 35 days, as shown by 31P NMR spectroscopy. This result
was similar to the slow hydrolysis of GYY-4137 at room
temperature. In prior work by us and others, we demonstrated
that less than 3% of GYY-4137 hydrolyzed after 35 days, but its
hydrolysis was faster in organic solvents. In DMSO-d6, 74% of
GYY-4137 had hydrolyzed using residual water after 7 days,
and in CDCl3, GYY-4137 had degraded by 50% using residual
water after 13 days.42 To investigate whether the hydrolysis of
dibutyldithiophosphate was strongly affected by its local
environment, its hydrolysis was measured in CHCl3 by 31P
NMR spectroscopy. After 29 days, 15% of dibutyldithiophos-
phate had hydrolyzed using residual water, which demon-
strated that the local environment affects the rate of hydrolysis
of dibutyldithiophosphate (Figure S3).
The hydrolysis of dibutyldithiophosphate was investigated in

90% H2O/10% D2O at 85 °C by 31P NMR spectroscopy to
measure its rate of hydrolysis (Figure 3). This temperature was
chosen because the hydrolysis was very slow at room
temperature, and it was the highest temperature we felt
could be used accurately without evaporation of solvent from
the NMR tube. Even at this elevated temperature, the reaction
was followed for 211 days. As expected on the basis of
literature precedent, dibutyldithiophosphate was a pentet in
the 31P NMR spectrum at 111.5 ppm. The hydrolysis was slow,
and it took 47 days for 50% of dibutyldithiophosphate to
hydrolyze to release 1 equiv of H2S and chemical A, which was
characterized in prior work. Dibutyldithiophosphate did not
completely disappear from the 31P NMR spectra until after 112
days, and chemical A did not disappear until after 211 days.
The next peak that appeared in the 31P NMR spectra had a
shift at 2.7 ppm and was due to phosphoric acid. The identity
of phosphoric acid as the peak at 2.7 ppm was confirmed by
the addition of phosphoric acid at the completion of the
experiment (Figure S4). This addition of phosphoric acid
increased the intensity of the peak assigned to phosphoric acid
and no new peaks were observed. Although the hydrolysis of
chemical A to phosphoric acid required the release of two
butanols and 1 equiv of H2S, no other intermediates were
observed.
As the reaction proceeded, a new peak at 1.5 ppm appeared

and grew in intensity. This peak was a pentet, was labeled
chemical B in Figure 3, and slowly grew in intensity at the
expense of phosphoric acid. The structure of the chemical
responsible for chemical B was hypothesized to be the two
butanols bonded to the phosphorus because of the splitting
pattern of the peak at 1.5 ppm. This hypothesis was tested by
dissolving phosphoric acid in water and adding 20 equiv of
butanol. After heating at 85 °C for 97 days, the peak due to
chemical B appeared, which demonstrated that butanol could

cleanly react with phosphoric acid to produce chemical B
(Figure S5).
The rate constant for the disappearance of dibutyldithio-

phosphate was measured (Figure 4). The plot of the

concentration of dibutyldithiophosphate versus time fit a
straight line and followed zero-order kinetics because it was
self-acid catalyzed. The rate constant for the disappearance of
dibutyldithiophosphate was 2.28 × 10−3 M/h. We attempted
to measure the rate constant for the disappearance of chemical
A, but because it was an intermediate and its concentration was
low, the data were too noisy to accurately measure it.

Hydrolysis of GYY-4137 Monitored by 31P NMR
Spectroscopy. Despite the widespread use of GYY-4137 in
medicinal and agricultural studies, its rate of hydrolysis in
water has not been reported because of its very slow kinetics of
hydrolysis at room temperature. Here, we report the hydrolysis
of GYY-4137 in 90% H2O/10% D2O at 85 °C and compare its
rate of hydrolysis with that of dibutyldithiophosphate.
The 31P NMR spectra of GYY-4137 were obtained

periodically, and representative spectra are shown in Figure
5. The peak for GYY-4137 at 89.5 ppm was broad because of
coupling with six hydrogens, and it disappeared within 2 days.
A triplet at 74.5 ppm (chemical C in Figure 6b) grew at the
expense of the GYY-4137 peak and slowly hydrolyzed over
weeks. The identity of chemical C was confirmed by isolation
of this chemical and its full characterization by 13C, 31P, and 1H
NMR spectroscopy as well as high resolution mass spectros-
copy. The details of the full characterization of chemical C are
in the Supporting Information (Figure S6). A small triplet at
47.2 ppm (chemical D) was observed as an intermediate to the
final triplet peak at 12.4 ppm (chemical E). Chemical D was
only a small peak in the 31P NMR spectra and could not be
isolated despite several attempts. The identity of chemical E
was confirmed by comparison to reported spectra for this
known chemical.
In our prior paper, the hydrolysis of GYY-4137 in DMSO-d6

at room temperature was shown to follow the pathway in
Figure 6a, but in H2O/D2O at 85 °C it followed the pathway
shown in Figure 6b.3 The biggest difference in mechanisms
was that in water at 85 °C, the first hydrolysis event was loss of
morpholine, but in DMSO-d6, it was loss of a sulfur.
The kinetics for the disappearance of GYY-4137 followed

pseudo-first-order kinetics with a rate constant of 9.72 × 10−2

h−1 (Figure 7a). The loss of morpholine was rapid, and as
calculated, 50% of GYY-4137 had hydrolyzed to intermediate
C in 5.2 h. The hydrolysis of intermediate C to release H2S was
slower and followed pseudo-first-order reaction kinetics with a
rate constant of −2.59 × 10−3 h−1 (Figure 7b).

Figure 4. Hydrolysis of dibutyldithiophosphate following zero-order
kinetics.
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A direct comparison of the rates of release of H2S by GYY-
4137 and dibutyldithiophosphate is complicated by the
differences in how they degrade. The kinetics of hydrolysis
of dibutyldithiophosphate followed zero-order kinetics, and it

took approximately 47 days for half of the dibutyldithiophos-
phate to release H2S and form chemical A. It took
approximately 13 days for GYY-4137 to release half of the
first equivalent of H2S. This demonstrated that the release of
H2S from GYY-4137 was faster than the release from
dibutyldithiophosphate at 85 °C but that these rates were
comparable.

Hydrolysis of Dialkyldithiophosphates Measured by
a H2S Electrode. The release of H2S was monitored using a
previously calibrated H2S electrode that continuously reported
the concentration of H2S (Figure 8). In each of these
experiments, the H2S electrode was immersed in Bis-Tris
buffer at a pH of 6.7 for 1 h, and then a dialkyldithiophosphate
salt was added, as reported in Figure 8. The concentration of
H2S quickly rose after the addition of each dialkyldithiophos-
phate and then was mostly constant. The concentrations of
H2S were approximately 15, 6, and 1 μM for 0.25 M
diethyldithiophosphate, dibutyldithiophosphate, and dihexyldi-
thiophosphate, respectively; at these concentrations diethyldi-
thiophosphate and dibutyldithiophosphate were fully dissolved,
but dihexyldithiophosphate was only partially dissolved. This
result demonstrated that the structures of the dialkyldithio-
phosphates can be used to control the rate of release of H2S.
An important result in these experiments was that the
concentrations of H2S were nearly 5 orders of magnitude
lower than the concentrations of the dialkyldithiophosphates,

Figure 5. 31P NMR spectra of the hydrolysis of GYY-4137 in water at 85 °C.

Figure 6. Hydrolysis of GYY-4137 (a) in DMSO-d6 and (b) in water
at 85 °C.

Figure 7. Kinetics of the disappearance of (a) GYY-4137 and (b) chemical C.
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which was consistent with the 31P NMR spectroscopy results
that showed very slow hydrolysis of these chemicals at room
temperature.
Figure 8a also shows that the concentration of H2S increased

as the concentration of dibutyldithiophosphate increased from
0.12 to 0.50 M, but it was not a linear increase because the
solubility limit of dibutyldithiophosphate was 0.28 M, so the
sample at 0.50 M had solid dibutyldithiophosphate salt at the
bottom of the apparatus. The hydrolysis of dibutyldithiophos-
phate was followed for 16 h to demonstrate the consistent
release of H2S (Figure 8b).
The amounts of H2S released from dialkyldithiophosphates

synthesized with fatty alcohols with six carbons or more were
low because of their poor solubility in water. The solubility
limit of dihexyldithiophosphate was 0.13 M, which is lower
than the concentration of 0.25 M used in Figure 8a. No
detectable amounts of H2S were measured from aqueous
solutions of dioctyldithiophosphate and didodecyldithiophos-
phate because these chemicals were mostly insoluble in water
(Figures S7 and S8).
A comparison of the concentrations of H2S measured by an

H2S electrode for GYY-4137 and dibutyldithiophosphate
revealed that they had similar values for the steady state
concentration of H2S. In prior work, we reported that the
concentration of H2S was 3 μM at 0.12 M GYY-4137, which
was similar to the value of 6 μM for 0.12 M dibutyldithio-
phosphate.3

Growth of Maize Using the Dibutyldithiophosphate
Ammonium Salt. GYY-4137 has been used extensively in
agriculture to investigate the effects of a slow H2S releasing
chemical on the germination of seeds, the first couple weeks of

growth of plants, and the survival of plants in the presence of
environmental stressors. We hypothesized that dialkyldithio-
phosphates could also be used in agricultural studies, and they
would offer a method to control the rate of release of H2S and
degrade to release natural chemicals.
To investigate possible applications of dialkyldithiophos-

phates in agriculture, different loadings of dibutyldithiophos-
phate ammonium salt were used to grow corn. Corn seeds
were planted in individual pots and different amounts of
dibutyldithiophosphate ammonium salt were added to the soil
adjacent to the seed at day 0. We planted 50 seeds for each of
the concentrations of dibutyldithiophosphate ammonium salt
shown in Figure 9 for a total of 500 corn seeds. The seeds were
watered daily with tap water and grown for 4 weeks. The pH of
the soil was not expected to change because complete
hydrolysis of the potassium salt of dialkyldithiophosphate
would yield the monopotassium salt of phosphoric acid, which
is often used as a neutral pH buffer. The heights of the plants
were measured by straightening the leaves and measuring from
the base of each plant to the top of the longest leaf (Figure 9a).
The plants were harvested by cutting at the base of the plant
(i.e., removing the roots as shown in Figure S30), and each
plant was weighed (Figure 9b).
The results in Figure 9 show that dibutyldithiophosphate has

a strong effect on the growth of corn plants. The weights of the
plants showed statistically significant improvements at 1, 10,
50, and 75 mg loadings of dibutyldithiophosphate, and there
were improvements in their weights for all loadings except 100
and 200 mg. The weight of the corn plants increased by 39%
when only 1 mg of the dibutyldithiophosphate salt was added
to the soil adjacent to the seed compared with the weight of

Figure 8. (a) Concentrations of H2S from different concentrations of dialkyldithiophosphates. (b) Concentration of H2S from 0.50 M
dibutyldithiophosphate. The concentrations of H2S were found using an H2S electrode.

Figure 9. Average (a) heights and (b) masses of corn plants grown with different loadings of dibutyldithiophosphate ammonium salt added near
the seeds and then watered with tap water for 4 weeks. Error bars are ±SE. Groups labeled with a unique number are statistically significant via the
Tukey HSD test with α < 0.05.
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the plants grown in the absence of the dibutyldithiophosphate
salt. Importantly, 1 mg of this salt releases only 0.28 mg of H2S.
These results demonstrated that milligram amounts of H2S
delivered over 4 weeks could have a strongly positive effect on
the weight of corn plants. Not surprisingly, few statistically
significant differences were seen for the heights of the plants.
The heights of the plants report one dimension of the overall
sizes of the plants, but small differences in heights can lead to
larger differences in weights.
The plants at 5 mg loadings of dibutyldithiophosphate salt

had similar heights and weights to those of the control plants,
and we are unsure of the reason for the small dips in the
graphs. Prior work by others has shown that the response of
plants to exogenous H2S has a bell-shaped curve without a dip
in the effect at intermediate loadings, but in our prior work, we
observed dips in the responses of radish, pea, and lettuce plants
at intermediate loadings of GYY-4137.3 This work suggests
that the response of plants to H2S may be more complex than
previously reported. Future work will investigate whether these
dips are real or artifacts of the experiments.
These results are consistent with prior reports for how

aqueous H2S or GYY-4137 affected maize.15,63−67 For instance,
in a paper from 2014, exposure of 2.5 day old maize seedlings
to 0, 100, 500, 1000, or 5000 μM GYY-4137 for 6 h followed
by heat stress of 48 °C for 18 h resulted in low survival rates.
The seedlings exposed to no GYY-4137 had a survival rate of
only 31%, but those exposed to 100, 500, 1000, and 5000 μM
GYY-4137 had survival rates of 69, 80, 57, and 39%,
respectively.63 This work and others demonstrated that the
application of GYY-4137 or aqueous H2S resulted in bell curve
responses for maize and other plants. Too much GYY-4137 or
aqueous H2S was bad for plants, but intermediate loadings led
to positive effects. These results were observed in our paper: at
high loadings of 100 and 200 mg of dibutyldithiophosphate,
the maize plants had lower weights and heights than plants not
exposed to dibutyldithiophosphate. At intermediate loadings of
1 to 85 mg of dibutyldithiophosphate, the effect was positive,
except for a dip in the mass of the maize plants at 5 mg
loadings.
This paper describes the synthesis and characterization of a

new series of chemicals that slowly release hydrogen sulfide.
GYY-4137 is commonly used in agricultural studies, but its rate
of hydrolysis cannot be easily varied by altering its structure,
and it releases chemicals not found in the environment.
Dialkyldithiophosphates are an advance in this field because
they possess different rates of hydrolysis that depend on the
alcohols used in their synthesis. The kinetics of the rates of
hydrolysis of dibutyldithiophosphate were measured in water
at 85 °C and compared with the kinetics for the rates of
hydrolysis of GYY-4137. The rates were similar for both
chemicals, and importantly, dibutyldithiophosphate degraded
to release fatty alcohols and phosphoric acid, which are safe,
natural chemicals. Although the dialkyldithiophosphates
synthesized from octanol and longer alcohols were very poorly
soluble in water, we believe they may be important because
they may partition into hydrophobic subcellular parts of plant
cells and complement the numerous hydrophilic chemicals
already reported that release H2S. These three characteristics
of dialkyldithiophosphates, (1) the ability to tune their
hydrophobicity, (2) the ability to tune their rates of release
of H2S, and (3) the biocompatibility of their degradation
products, are important advances in the field of H2S in
agriculture.
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