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Unveiling the Power of Negative Ion Mode ESI-MS: Identifying Species 
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ABSTRACT:				Electrospray	ionization	mass	spectrometry	has	long	been	the	standard	and	most	prevalent	ionization	method	
in	mass	spectrometry	to	detect	and	analyze	molecules	of	low	volatility	that	are	relevant	biologically,	environmentally,	and	
industrially.	However,	only	a	small	number	of	analyses	are	conducted	in	negative	ion	mode,	which	has	led	to	a	dogmatic	bias	
toward	positive	ion	mode	despite	advantageous	properties	of	the	negative	polarity,	including	lower	background	noise	and	
divergent	tandem	mass	spectrometry	behavior.		We	hypothesized	that	this	bias	was	rooted	in	the	relatively	poor	ionization	
efficiency	of	anionic	functional	groups	seen	in	biochemistry;	to	explore	this	notion	herein	we	evaluated	25	ions	based	on	three	
criteria:	(1)	signal	intensity	relative	to	a	sodium	dodecylsulfate	internal	standard;	(2)	resistance	to	collision	induced	dissoci-
ation	based	on	survival	of	the	precursor	ion;	and	(3)	diagnostic	tandem	mass	spectrometry	behavior.	Among	these	species,	
highly	fluorous	ions	exhibiting	weakly	coordinating	and	hydrophobic	properties	contributed	to	enhanced	signal	intensities.	
Trifluoromethanesulfonyl-containing	 ions	 proved	 to	 be	 unexpectedly	 labile,	 while	 tetrakis[3,5-bis(trifluoromethyl)phe-
nyl]borate	anion	(23)	and	bis(nonafluoro-1-butane)sulfonimidate	(25)	were	determined	to	be	of	optimal	signal	 intensity	
with	signal	intensity	ratios	relative	to	sodium	dodecylsulfate	(12	+	Na+)	of	332.0%	±	25.0%	and	939.0%	±	92.0%,	respectively,	
as	well	as	survival	yields	of	100.0%	±	0.0%	and	72.6%	±	0.8%	at	–50	eV.	To	further	emphasize	their	optimal	signal	intensity,	
ions	tetrakis[3,5-bis(trifluoromethyl)phenyl]borate	anion	(23)	and	bis(nonafluoro-1-butane)sulfonimidate	(25)	were	com-
parable	in	signal	intensity	across	solvents	of	acetonitrile,	methanol,	isopropanol,	water,	and	their	respective	1:1	mixtures.	
Facile	preparation	of	various	salts	of	bis(nonafluoro-1-butane)sulfonimidate	 led	 to	additional	evaluation	of	 cation	effects	
where	the	signal	 intensity	ratio	ranged	from	939.0%	±	92.0%	to	3195.0%	±	145.0%	across	K+,	NH4+,	Na+,	and	H+	counter	
cations.	The	dogma	of	negative	ion	mode	being	less	sensitive	was	then	challenged	by	the	analysis	of	the	signal	intensity	of	ion	
25	 to	tetra-n-butylammonium,	tetra-n-butylphosphonium,	and	(4-methylphenyl)diphenylsulfonium	cations.	These	experi-
ments	showed	that	25	was	more	sensitive	by	between	136.2%	±	5.5%	and	180.7%	±	13.8%,	thereby	successfully	challenging	
the	positive	polarity	bias.

Electrospray	ionization	mass	spectrometry	(ESI-MS)	is	an	
indispensable	 tool	 for	 the	analysis	of	high	mass-to-charge	
ratio	 (m/z)	 analytes.	 Its	 reliance	on	non-covalent	 interac-
tions	 for	 the	 formation	of	 a	pseudomolecular	 ion	dictates	
that	a	minimal	 residual	energy	 is	 imparted	 to	 the	analyte	
making	the	analysis	of	 intact	pseudomolecular	 ions	possi-
ble.1	 Consequently,	 the	 non-destructive	 nature	 of	 ESI-MS	
has	contributed	to	the	far-reaching	applications	of	the	tech-
nique	to	biological2,3,	environmental4,	food	production5,	and	
clinical	settings6.		

Ionization	efficiency	 (IE),	which	 represents	 the	propor-
tion	of	ions	generated	from	an	analyte	of	interest	that	are	
transmitted	into	the	gas	phase,7	is	a	crucial	parameter	in	the	
ESI	process	and	has	a	profound	effect	on	sensitivity	and	de-
tection.	One	of	the	most	probed	acidic	functionalities	con-
tained	within	biomolecules	 (e.g.,	 amino	 acids,	 fatty	 acids)	
are	carboxylic	acids.8,9	Unfortunately,	these	typically	suffer	
from	poor	IEs	in	negative	polarity	ESI	due	to	the	high	gas	
phase	 acidity	 parameter	 of	 these	 species.10	 On	 the	 other	
hand,	 positive	 polarity	 thrives	 on	 an	 abundance	 of	 basic	
functionalities	(e.g.,	amines,	 imidazoles)	with	higher	IEs.11	
This	 has	 encouraged	 much	 of	 ESI	 based	 analyses	 of	

biomolecules	 to	be	conducted	 in	 the	positive	polarity	and	
has	 simultaneously	 created	 a	 longstanding12	 polarity	 bias	
wherein	“it	is	well	known	that	negative	ion	mode	ESI-MS	is	
generally	less	sensitive	than	the	positive	ion	mode”13	due	to	
inherent	limitations	such	as	corona	discharge,14	salt	cluster-
ing,15	and	the	requisite	use	of	solvents	that	support	the	for-
mation	of	excess	negative	charge.16	

In	2017,	Liigand	et	al.	successfully	compared	the	ioniza-
tion	efficiencies	(IE)	of	both	ESI	polarities,	revealing	that	the	
negative	 polarity	 is	 often	 more	 sensitive,	 boasting	 de-
creased	 background	 noise	 and	 increased	 signal-to-noise	
(S/N)	ratios.14	 It	 is	worth	noting	that	positive	polarity	ESI	
relies	on	associative	mechanisms	to	form	the	pseudomolec-
ular	 ion	 (i.e.,	 neutral	 species	 (M)	 associates	with	 a	 cation	
such	as	H+,	Na+,	or	NH4+).	This	has	frequently	resulted	in	sig-
nal	splitting	further	increasing	spectral	complexity	and	de-
creasing	signal	strength.	Conversely,	while	the	negative	ion	
mode	can	still	give	rise	to	associative	mechanisms	to	form	
negatively	 charged	adducts,	 this	phenomenon	 is	 far	more	
prevalent	 in	 positive	 ion	 mode.17	 Therefore,	 anion	 for-
mation	in	negative	ion	mode	ESI-MS	is	typically	reliant	on	
dissociative	mechanisms	where	M	 loses	 a	 cation,	 such	 as	
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proton,	 ammonium,	 or	 metal	 ion.	 Such	 dissociative	 for-
mation	of	ions	also	means	that	signal	splitting	and	the	chal-
lenges	associated	with	it	are	rarely	encountered.		

To	address	 the	aforementioned	challenges	encountered	
in	 positive	 polarity	 ESI,	 targeted	 chemical	 derivatization	
(CD)	strategies	involving	the	chemical	transformation	of	a	
reactive	functional	group	within	an	analyte	have	been	de-
veloped.	CD	reagents	are	practically	designed	to	alter	ana-
lyte	properties	to	benefit	separation	and	detection	by	mass	
spectrometry	(MS)	through:	(1)	enhanced	retention	times	
of	 poorly	 retained	 analytes,18,19	 (2)	 reduced	 background	
noise	via	increased	m/z	of	the	analyte,	(3)	improved	struc-
tural	 information	 in	 fragmentation	 in	 tandem	mass	 spec-
trometry	(MS/MS),20	and	(4)	quenching	of	potentially	labile	
functional	groups.		

Fixed	charge	CD	 is	of	particular	significance	 in	 the	 field	
since	analytes	lacking	basic	or	acidic	functional	groups	of-
ten	suffer	from	low	IE	even	after	CD.21	The	majority	of	these	
rely	on	positively	charged	ammonium,	phosphonium,	and	
sulfonium	 groups	 for	 fixed	 charge	 induction	 at	 a	 specific	
functional	group.22	These	have	been	designed	to	specifically	
target,	 inter	 alia,	 amine,	 carboxyl,	 and	 hydroxyl	 moieties		
within	 biological	 molecules	 including	 amino	 acids,23–25	
phospholipids,26–28	 steroids,29,30	 fatty	 acids,27,31	 and	 pep-
tides.32–34	To	date,	these	various	studies	have	demonstrated	
significant	improvements	in	chromatographic	separations,	
charge	state,	and	the	S/N	ratio	leading	to	enhanced	sensitiv-
ity.22	 Furthermore,	 valuable	 structural	 information	 has	
been	provided	via	charge	remote	fragmentation	MS/MS	ex-
periments.35–37	

For	 these	 reasons,	 the	 field	 of	 fixed	 charge	 CD	 has	 re-
ceived	much	attention	and	focus	in	recent	years	with	sev-
eral	fixed	positive	charge	CD	reagents	being	precedented	in	
the	literature	and	commercially.22	In	stark	contrast,	current	
advancements	 of	 CD	 reagents	 for	 ESI-MS	 have	 virtually	
overlooked	the	negative	polarity	with	only	a	small	number	
of	examples	emergent	in	the	literature.38–40	It	may	be	sug-
gested	 that	 this	 state	 of	 affairs	 stems	 from	 the	 apparent	
dearth	of	 analogous	negatively	 charged	 functional	 groups	
that	are	commercially	available	and	bench	stable	displaying	
adequate	chemical	stabilities	 in	solution	well	as	 in	MS	ex-
periment	conditions.	However,	this	predefined	gap	in	fixed	
charge	CD	only	 strengthens	 the	notion	of	 an	 existing	 and	
persistent	positive	polarity	bias.		

It	 was	 our	 hypothesis	 that	 this	 pro-positive	 ion	 mode	
dogma	originates	not	 from	the	 inherent	properties	of	ESI,	
but	in	the	relatively	greater	ionization	efficiency	of	the	com-
monly	 investigated	 (i.e.,	 largely	 biochemical)	 functional	
groups	amenable	to	positive	ion	mode	versus	those	species	
biased	 toward	 ionization	 in	 the	 negative	 polarity.	 Thus,	
herein,	 25	different	 ions	 (Chart	 1)	 featuring	 either	highly	
acidic	 functionality	 or	 a	 permanent	negative	 charge	were	
evaluated	to	challenge	the	current	dogma	that	the	positive	
polarity	is	inherently	more	sensitive	than	the	negative.	The	
evaluation	 of	 these	 candidates	 was	 conducted	 based	 on	
three	criteria:	(1)	signal	intensity;	(2)	precursor	ion	stabil-
ity	to	collision-induced	dissociation	(CID),	and	(3)	diagnos-
tic	MS/MS	behavior.	

At	 the	outset	of	 this	work,	we	sought	to	evaluate	signal	
intensity	 differences	 between	desired	 charged	 candidates	
by	 EMS	 scans	 of	 equimolar	 concentrations	 of	 the	 desired	
charged	candidates	and	an	internal	standard	of	sodium	do-
decyl	sulfate	(SDS,	12	+	Na+).	Subsequent	MS/MS	behaviour	
and	precursor	ion	stability	was	also	probed	through	the	cal-
culated	 survival	 yield	 (SY):	 the	percentage	of	 a	precursor	
ion	that	remains	intact	after	CID	by	acquiring	product	ion	
scans	at	a	constant	collision	energy.	The	optimal	performing	
charged	candidates	were	then	evaluated	in	different	solvent	
mixtures	and	cations	present	in	the	sample	matrix.	Subse-
quently,	 the	 dogma	 of	 the	 inferiority	 of	 the	 negative	 ion	
mode	was	addressed	experimentally	by	comparison	to	spe-
cies	bearing	a	fixed	permanent	positive	charge.		

	
Chart	1.	Ions	evaluated	in	the	negative	polarity	ESI	rel-
ative	to	an	internal	standard	(12)	

Materials and Methods 
Chemicals and Materials 

Dibenzoylmethane	 (1	 +	 H+)	 was	 purchased	 from	 BDH	
Chemicals	Ltd.	(Poole,	UK,	England).	Malononitrile	(4	+	H+),	
lauric	 acid	 (10	 +	 H+),	 lithium	 bis((trifluoromethyl)sul-
fonyl)imide	 (13	 +	 Li+),	 ammonium	 hexafluorophosphate	
(14	+	NH4+),	sodium	dodecylsulfonate	(16	+	Na+),	sodium	
tetraphenylborate	(22	+	Na+),	tetra-n-butylammonium	bro-
mide	(26	+	Br–),	tetra-n-butylphosphonium	bromide	(27	+	
Br–),	 (4-methylphenyl)diphenylsulfonium	 triflate	 (28	 +	
TfO–),	 and	 tetraethylammonium	 perfluoro-1-octanesul-
fonate	(20	+	Et4N+)	were	purchased	from	Sigma	Aldrich	(St.	
Louis,	 MO,	 USA).	 Bis((trifluoromethane)sulfonyl)methane	
(17	+	H+)	was	purchased	from	Synquest	Laboratories	(Ala-
chua,	FL,	USA).	Sodium	dodecylsulfate	(SDS,	12	+	Na+)	was	
purchased	 from	Bio-Rad	Laboratories	 (Canada)	Ltd.	 (Mis-
sissauga,	ON,	Canada).	Hexafluoroacetylacetone	 (18	+	H+)	
and	ethyl	nitroacetate	(5	+	H+)	were	purchased	from	Tokyo	
Chemical	Industry	(TCI)	(Portland,	OR,	USA).			

Compounds	(2	+	H+)41,	(3	+	H+)41,	(6	+	H+)42,	(7	+	H+)43,	(8	
+	H+)44,	(9	+	H+)44,	(15	+	Na+)45,	and	(24	+	Na+)46	were	syn-
thesized	 from	 their	precursors	based	on	 literature	proce-
dures	 (see	 Supporting	 Information).	 Bis(nonafluorobu-
tanesulfonyl)imide	 (25	 +	 H+)	 and	 potassium	 bis(no-
nafluoro-1-butanesulfonyl)imidate	 (25	 +	 K+)	 were	 pur-
chased	from	Wako	Chemicals	(Osaka,	OF,	Japan),	and	(25	+	
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H+)	was	used	to	synthesize	(25	+	Na+)	and	(25	+	NH4+)	(see	
Supporting	Information).		

Perfluoro-1,3-dithiane	 1,1,3,3-tetraoxide	 (19	 +	 H+)	 and	
perfluoro-1,3,2-dithiazine	1,1,3,3-tetraoxide	(21	+	H+)	were	
generously	provided	by	Prof.	Dr.	Hikaru	Yanai,	Tokyo	Uni-
versity	of	Pharmacy	and	Life	Sciences	(Tokyo,	TO,	 Japan).	
Sodium	tetrakis(3,5-bis(trifluoromethyl)phenyl)borate	(23	
+	Na+)	was	generously	supplied	by	Prof.	Dr.	Charles	McDon-
ald,	Dalhousie	University	(Halifax,	NS,	Canada).		

Liquid	 chromatography	 mass	 spectrometry	 (LC-MS)	
grade	acetonitrile,	methanol,	isopropanol,	and	water	were	
purchased	from	Fisher	Scientific	(Rochester,	NY,	USA).	
MS Sample Preparation 

All	samples	were	prepared	by	weighing	out	a	prescribed	
amount	of	given	material	 into	an	Agilent	(Santa	Clara,	CA,	
USA)	 2	mL	 screw	 top	 vial	with	 a	 polytetrafluoroethylene	
(PTFE)	coated	screw	cap.	Then,	1	mL	of	LC-MS	grade	ace-
tonitrile	was	added	to	the	HPLC	vial	and	vortexed	for	30	s	
to	 ensure	 complete	 dissolution	 of	 the	 desired	 compound.	
This	stock	sample	solution	was	then	diluted	to	a	concentra-
tion	of	1	mM	in	the	desired	compound.		

After	 preparation	 of	 a	 1	 mM	 stock	 solution	 in	 desired	
compound,	a	10	µM	solution	of	equimolar	concentrations	of	
the	desired	compound	and	SDS	were	made	by	serial	dilution	
of	 the	stock	solution	 into	a	2	mL	HPLC	vial.	The	resultant	
solution	was	vortexed	for	30	s	prior	to	further	serial	dilu-
tions.	Two	more	serial	dilutions	were	conducted	from	the	
10	µM	standard	solution	of	the	desired	compound	and	SDS	
in	the	same	manner	as	above	to	concentrations	of	2.5	µM	
and	0.5	µM.	
MS Intensity Ratio Experiments 

To	determine	the	intensity	ratios	of	desired	compounds,	
400	µL	of	the	desired	standard	solution	containing	equimo-
lar	concentrations	of	the	desired	charged	tag	and	SDS	were	
loaded	 into	 a	 1	mL	 gas	 tight	Hamilton	 syringe	 (Hamilton	
Company,	Reno,	NV).	The	syringe	was	then	added	to	a	Har-
vard	Apparatus	11Plus	(Holliston,	MA)	syringe	pump	at	a	
flow	 rate	 of	 10	 µLmin–1.	 The	 syringe	 was	 connected	 via	
PEEK	tubing	to	an	AB	Sciex	4000	QTRAP	with	a	Turbo	V	ESI	
source	(AB	Sciex,	Framingham,	MA).	EMS	spectra	were	ac-
quired	in	the	negative	ion	mode	with	the	following	parame-
ters:	 IS	voltage:	–4000	V;	curtain	gas:	20	psi;	declustering	
potential:	–30	eV;	collision	energy:	–10	eV;	collision	gas:	me-
dium;	source	temperature:	50	℃.		

For	determination	of	 the	 intensity	 ratios	of	 the	desired	
compounds	to	SDS,	EMS	scans	were	conducted	for	a	stand-
ard	duration	of	0.379	min.	The	intensity	ratio	of	the	desired	
compound	 to	 SDS	 was	 then	 determined	 by	 dividing	 the	
maximum	peak	height	of	the	desired	compound	by	the	max-
imum	peak	height	of	 SDS.	All	 intensity	 ratios	were	deter-
mined	at	 a	 concentration	of	0.5	µM	 in	desired	 compound	
and	SDS	and	were	based	on	a	triplicate	dataset	correspond-
ing	to	the	same	equimolar	standard	solution.	

MS Survival Yield Experiments 

To	acquire	the	SY	of	the	desired	compounds,	the	same	0.5	
µM	standard	solution	was	utilized	at	 the	same	concentra-
tion,	sample	loading,	flow	rate,	and	instrumentation	as	the	
intensity	 ratio	 experiments.	 Product	 ion	 scans	were	 con-
ducted	using	the	following	parameters:	IS	voltage:	–4000	V;	
collision	energy:	 –50	eV;	 curtain	gas:	20	psi;	 declustering	
potential:	–30	eV;	collision	gas:	medium;	source	 tempera-
ture:	50	℃.	Precursor	ions	were	selected	based	on	the	ex-
pected	m/z	 of	 the	 desired	 compound.	 The	 sum	 of	 all	 the	
product	 ion	scans	over	a	duration	of	110	scans	for	all	 the	
desired	 compounds	 analyzed	 were	 determined	 and	 was	
conducted	in	triplicate	using	the	same	0.5	µM	standard	so-
lution	of	desired	compound	and	SDS.		

The	SY	was	determined	by	taking	the	intensity	of	the	pre-
cursor	ion	and	subsequently	dividing	the	sum	of	the	inten-
sities	of	all	product	ions	that	are	≥2.5%	of	the	base	peak.		

SY	experiments	at	–20	eV	and	–30	eV	were	conducted	in	
the	same	manner	with	all	parameters	remaining	unchanged	
except	for	the	collision	energy.	Calculations	of	SY	at	these	
collision	energies	were	performed	as	previously	mentioned	
above.		
MS Cation Effect Experiments 

To	examine	the	effects	of	counter	cations	on	signal	inten-
sity,	solutions	of	(25+H+)	and	(25+K+)	were	prepared	in	an	
equimolar	concentration	to	(12	+	Na+)	at	a	concentration	of	
0.5	µM	and	 the	 signal	 intensities	were	 computed,	 respec-
tively.	To	discern	the	effect	of	sodium	and	ammonium	coun-
ter	cations,	solutions	of	(25	+	H+)	were	prepared	with	a	10	
µL	spike	of	saturated	sodium	bicarbonate	and	28%	aqueous	
ammonia	at	the	same	concentration	of	0.5	µM.		

Signal	intensity	MS	experiments	for	(25	+	H+),	(25	+	K+),	
(25	+	Na+),	(25	+	NH4+)	were	acquired	in	the	negative	ion	
mode	with	the	exact	parameters	outlined	in	the	signal	 in-
tensity	experiments.	
MS Solvent Effects Experiments 

To	evaluate	the	effects	of	solvent	on	signal	intensity,	solu-
tions	containing	a	mixture	of	ions	18–25	were	prepared	at	
an	 equimolar	 concentration	 of	 0.5	 µM.	 The	 solvents	 that	
were	probed	in	these	experiments	were	acetonitrile,	meth-
anol,	 isopropanol,	water,	 and	 their	 respective	 1:1	 solvent	
mixtures.	MS	 experiments	were	 then	 conducted	with	 the	
same	injection	and	instrumental	parameters	as	utilized	in	
the	signal	intensity	ratio	experiments.	The	signal	intensity	
ratios	relative	to	SDS	were	then	computed	for	ions	18–25	
for	each	solvent	and	solvent	mixture.	
MS Polarity Comparison Experiments 

To	discern	the	difference	between	the	positive	and	nega-
tive	modes,	equimolar	solutions	of	(25	+	K+)	and	(26	+	Br–),	
(27	+	Br–),	and	(28	+	TfO–)	were	prepared	at	a	concentration	
of	0.5	µM.		
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Negative	ion	mode	ESI-MS	experiments	were	conducted	
according	to	the	same	parameters	outlined	in	the	signal	in-
tensity	ratio	experiments.	After	each	negative	ion	mode	MS	
experiment,	 the	 electrospray	 was	 then	 stopped	 and	 was	
then	switched	to	the	positive	polarity	using	the	following	in-
strument	 parameters:	 IS	 voltage:	 4000	V;	 curtain	 gas:	 20	
psi;	declustering	potential:	30	eV;	collision	energy:	10	eV;	
collision	gas:	medium;	source	temperature:	50	℃.	For	each	
polarity	 switch,	 three	 replicate	 experiments	 were	 con-
ducted	 at	 a	 duration	 of	 0.379	min.	 In	 total,	 polarity	 was	
switched	three	times	generating	three	sets	of	triplicate	ex-
periments.	For	each	set	of	experiments,	the	signal	intensity	
ratio	of	25	to	the	signal	intensities	of	26,	27,	and	28	were	
computed	and	averaged	over	three	separate	replicates.	

Results and Discussion 

To	evaluate	the	performance	of	each	 individual	 ion,	 the	
intensity	ratios	relative	to	an	internal	standard	(SDS)	were	
determined	at	an	equimolar	concentration.	SDS	was	chosen	
as	the	internal	standard	to	compare	negatively	charged	ions	
based	on	its	ubiquity	in	chemical	research	and	the	expected	
intensity	ratio	relative	to	SDS	being	higher	and	lower	for	a	
comparable	number	of	negative	polarity	candidates.	Table	
1	 depicts	 the	 results	 of	 these	 experiments.	 For	 many	 of	
these,	the	gas	phase	acidities	were	found	from	reports	in	the	
literature.	To	the	best	of	our	knowledge,	this	property	has	
yet	 to	 be	 determined	 for	 some	 of	 the	 ions	 investigated	
herein.	Thus,	their	predicted	or	experimentally	determined	
in-solution	acidity	(pKa)	was	correlated	to	our	results.	Alt-
hough	pKa	and	gas	phase	acidities	are	distinctive,	this	cor-
relation	is	justified	by	previous	studies	demonstrating	that	
pKa	has	an	inverse	relationship	to	response	in	the	negative	
ESI.	47	

The	first	anionic	species	to	be	examined	were	β-diketone	
1	and	⍺-trifyl	ketones	2	and	3,	which	had	been	previously	
synthesized	by	methods	developed	in	our	research	group.41	
⍺-Trifyl	species	are	unique	in	that	they	contain	one	of	the	
most	 powerful	 neutral	 electron	 withdrawing	 groups,	 –
SO2CF3.	This	was	anticipated	to	provide	desirable	results	by	
increasing	 the	 acidity	 of	 the	 central	 methylene	 carbon.	
However,	these	were	the	worst	performing	of	all	25	charged	
candidates.	In	conducting	EMS	scans	over	a	variety	of	differ-
ent	conditions,	concentrations,	and	samples	prepared,	these	
species	could	not	be	detected	despite	initial	expectations	of	
an	increase	in	gas-phase	acidity	of	the	methylene	group	rel-
ative	to	⍺-trifyl	esters	and	3°	amides.	Similar	results	were	
observed	 when	 investigating	 other	 electron	 withdrawing	
groups,	such	as	nitrile	and	nitro	groups	of	ions	4	and	5.		
Table	1.	Intensity	ratios	of	ions	1–25	found	relative	to	
SDS	

Ion	 Structure	and	
m/z	

Intensity	
Relative	
to	SDS	
(%)	

Gas	phase	
aciditya	

(kcal/mol)	In-
solution	pKab	

1	

	

0	
9.7b	(H2O)	
13.35b	

(DMSO)48	

2	

	

0	 	ca.	5b	
(DMSO)48		

3	

	

0	 5.1b	(DMSO)48	

4	
	

0	 11b	(H2O)		

5	
	

0	 5.82b	(H2O)10	

6	

	

0.5	±	0.1	 18.1b	(DMSO)48	

7	

	

2.7	±	0.3	
12.25b	

(DMSO)48	
11.0b	(H2O)49	

8	

	

3.1	±	0.4	 N/A	

9	
	

8.6	±	0.4	 N/A	

10	
	

8.9	±	2.0	 5.3b	(H2O)50	

11	
	

55.0	±	2.0	
6.8b	(H2O)		

6.4b	(DMSO)51	
(ethyl	ester)	

12	
	

100.0	±	
0.0	 N/A	

13	
	

115.0	±	
5.0	 286.5a,	52	

14	
	

123.0	±	
2.0	 276.6a,	53	

15	
	

125.0	±	
2.0	 294.8a,	52		

16	
	

133.0	±	
7.0	 1.8b	(H2O)	

17	
	

154.0	±	
21.0	

300.6a,		52	
–1b	(H2O)		

2.1	(DMSO)48	

18	
	

184.0	±	
5.0	

310.3a		
5.3b	(H2O)54	
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19	

	

238.0	±	
2.0	 £1b	(H2O)55	

20	
	

293.0	±	
2.0	 <	1b	(H2O)52		

21	

	

304.0	±	
15.0	 284.2a,	52		

22	

	

307.0	±	
9.0	 N/A	

23	

	

332.0	±	
25.0	 N/A	

24	
	

380.0	±	
24.0	 288.7a,	56	

25	
	

939.0	±	
92.0	 285.1a,	57	

To	examine	the	effects	of	oxidation	state	of	sulfur	on	ESI	
response,	bis(phenylsulfinyl)methylide	(6)	and	bis(phenyl-
sulfonyl)methylide	 (7)	were	 surveyed.	Both	 failed	 to	out-
perform	 SDS,	 with	 recorded	 intensity	 ratios	 of	 0.54%	 ±	
0.1%	and	2.7%	±	0.3%	respectively.	However,	the	observed	
5-fold	difference	between	them	follows	the	trend	of	increas-
ing	 gas-phase	 acidity	 with	 the	 oxidation	 state	 of	 sulfur	
changing	from	sulfinyl	to	sulfonyl.	

Following	 the	general	 trend	 that	esters	are	more	acidic	
than	3°	amides,	⍺-trifyl	ester	11	was	expected	to	have	an	
increased	gas	phase	acidity	relative	 to	⍺-trifyl	pyrrolidine	
and	morpholine	amides	8	and	9.	The	 intensity	ratios	of	8	
and	9	were	 3.1%	 ±	 0.4%	 and	 8.6%	 ±	 0.4%,	 respectively.	
Compared	to	8	and	9,	⍺-trifyl	ester	11	resulted	in	an	inten-
sity	ratio	of	55.0%	±	2.0%,	representing	an	18-	and	6-fold	
intensity	 increase	 respectively.	 Thus,	 these	 findings	 re-
markably	 exemplified	 our	 initial	 hypothesis.	 The	 ⍺-trifyl	
amides	exhibited	interesting	results	when	compared	to	car-
boxyl	moieties,	such	as	lauric	acid	(10),	which	afforded	an	
intensity	ratio	of	8.9%	±	2.0%.	Thus,	8,	9,	and	10	had	com-
parable	intensity	ratios	despite	a	hypothesized	decrease	in	
acidity	of	the	carboxyl	functional	group	relative	to	⍺-trifyl	
amides.	

Despite	 the	 unfavorable	 results	 of	 ⍺-trifyl	 ketones	 and	
amides,	we	found	it	necessary	to	investigate	bistriflyl	spe-
cies	in	the	form	of	carbon	and	nitrogen-based	acids.	It	was	
hypothesized	that	the	enhanced	electron	withdrawing	pro-
pensity	of	these	groups	would	encourage	ions	13	and	17	to	

outperform	SDS.	To	our	delight,	the	intensity	ratio	of	 ions	
13	and	17	were	115.0%	±	5.0%	and	154.0%	±	21.0	%	re-
spectively.	From	this,	we	could	establish	a	noteworthy	com-
parison.	Substitution	of	⍺-CF3	moiety	for	a	phenyl	group	had	
no	significant	effect	on	ESI	response	in	N-based	acids,	since	
ions	13	and	15	were	separated	by	less	than	9%	difference	
in	intensity	ratio.	In	contrast,	ion	3	was	not	observed,	while	
17	clearly	outperformed	SDS.	Notably,	ion	13	was	expected	
to	outperform	17,	given	the	literature	values	for	their	gas	
phase	acidities.	This	prompted	the	 investigation	of	 the	ef-
fect	of	counter	cations	on	ESI	response	which	is	discussed	
later.		

Atom	linkage	effects	on	MS	performance	were	best	illus-
trated	 by	 comparing	 the	 intensity	 ratios	 of	 the	 dithiane	
tetraoxide	 anion	 19	 to	 dithiazinane	 tetraoxide	 anion	 21	
with	intensity	ratios	of	238.0%	±	2.0%	and	304.0%	±	15.0%	
respectively.	The	improved	intensity	ratio	of	the	latter	may	
be	 rationalized	 by	 electronegativity	 differences	 between	
carbon	 and	 nitrogen	 but	 also	 by	 the	 increased	 gas-phase	
acidity	of	related	C-	and	N-bis(sulfonyl)	analogues.	Overall,	
it	was	hypothesized	that	the	increased	intensity	ratio	of	21	
was	due	to	its	extremely	low	gas	phase	acidity.		

The	effects	of	incorporating	perfluoroalkyl	groups	on	re-
sponse	was	investigated	via	examining	the	MS	performance	
of	16	and	20.	Predictably,	there	was	an	enhancement	of	sig-
nal	 intensity,	with	 recorded	 ratios	of	133.0%	±	7.0%	and	
293.0%	±	2.0%	respectively.	The	increased	signal	intensity	
ratio	from	16	to	20	is	consistent	with	increased	gas-phase	
acidity	of	16	to	20,	which	has	been	shown	for	the	methyl-	
and	trifluoromethyl	analogues.56	Further,	18	with	an	inten-
sity	ratio	of	184.0%	±	5.0%,	evidently	did	not	suffer	 from	
the	same	effects	as	the	undetected	β-diketone	1	and	outper-
formed	17	despite	 the	 hypothesized	 increased	 gas	 phase	
acidity	 of	17	 relative	 to	18.	 This	 enrichment	 encouraged	
further	 exploration	 of	 electron	 deficient	 perfluoroalkyl	
groups	within	other	species.		

To	this	end,	we	chose	to	investigate	the	performance	of	
sodium	 bis(nonafluorobutanesulfonyl)methanide	 (24	 +	
Na+)	and	potassium	bis(nonafluorobutanesulfonyl)imidate	
(25	+	K+).	Not	only	did	these	species	outperform	SDS,	but	
ion	25	had	a	remarkable	intensity	ratio	of	939.0%	±	92.0%.	
To	further	probe	the	MS	performance	of	ion	25,	three	truly	
fixed,	 permanently	 charged	anions—hexafluorophosphate	
(14),	 tetraphenylborate	 (22),	 and	 tetrakis(3,5-bis(trifluo-
romethyl)phenyl)borate	 (23)—were	 investigated.	 These	
non-coordinating	 anions	 are	 theoretically	 less	 prone	 to	
charge	 quenching	 via	 gas	 phase	 basicity.	 On	 that	 basis,	 it	
was	 interesting	 to	 examine	 how	 their	 MS	 performance	
would	compare	to	SDS,	as	well	as	ions	24	and	25.	Validating	
this	initial	hypothesis,	these	anions	all	had	highly	desirable	
intensity	ratios,	but	it	was	fascinating	that	MS	behaviour	of	
ion	25	remained	unparalleled.			

Comparisons	of	the	intensity	ratios	of	ions	13	and	17	as	
well	as	19	 to	21	 stimulated	 investigations	concerning	the	
effect	of	different	counter	cations	on	observed	signal	inten-
sities.	These	experiments	were	conducted	with	ion	25	since	
it	was	the	best	performing	species,	and	the	preparation	of	
its	different	salts	proved	facile	and	inexpensive.	
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Table	2.	Cation	effects	on	observed	MS	intensity	ratio	

Ion	 Counter	cation	 Intensity	Relative	
to	12	(%)	

	

H+	 3195.0	±	145.0	

Na+	 1616.0	±	112.0	

NH4+	 1450.0	±	129.0	

K+	 939.0	±	92.0	

Chosen	 counter	 cations	 ranged	 from	 hard	 cations	 (e.g.,	
Na+	and	H+)	to	softer	cations	(e.g.,	K+	and	NH4+).	At	the	outset	
of	 these	 experiments,	 it	 was	 anticipated	 that	 a	 hard-soft	
mismatch	between	 the	counter	 cation	and	25	would	pro-
vide	more	desirable	signal	intensities.	The	obtained	results	
(Table	2)	not	only	validated	our	initial	hypothesis,	but	also	
highlighted	 the	 astounding	 effect	 of	 the	 counter	 cation	
choice	 has	 on	 signal	 intensity,	with	 (25	 +	H+)	 having	 the	
highest-recorded	intensity	ratio	of	3195.0%	±	145.0%.	It	is	
also	worth	noting	that	although	ammonium	cation	is	softer	
than	 potassium,	 the	 increased	 signal	 intensity	 of	 (25	 +	
NH4+)	when	compared	to	(25	+	K+)	could	be	attributed	to	
hydrogen	bonding	between	NH4+	and	acetonitrile.		

Results	of	the	previously	discussed	intensity	ratio	exper-
iments	led	us	to	conclude	that	ions	18-25	had	the	best	MS	
performance.	 Although	 25	 proved	 to	 be	 unmatched	
amongst	these	species,	we	found	it	necessary	to	conduct	sol-
vent	matrix	effects	experiments	(Figure	1,	see	Supporting	
Information	 for	more	 information).	 In	 these	 experiments,	
samples	of	equimolar	mixtures	of	SDS	(12)	as	well	as	18-25	
were	analyzed	in	different	solvent	compositions.		

	

Figure	1.	Heatmap	depicting	the	intensity	ratio	(%)	relative	to	
SDS	of	ions	18-25	in	different	solvent	compositions	(see	Sup-
porting	Information	for	Heatmap	Key)	

When	mixtures	of	these	ions	were	analyzed	in	neat	ace-
tonitrile	(ACN),	it	was	evident	that	ions	22-25	remained	the	
top	performing	ions,	but	18-21	and	was	marginally	affected	
with	 the	 increased	 matrix	 complexity.	 Based	 on	 the	 ion	
evaporation	model,	it	was	expected	that	the	intensity	ratio	
of	 these	 ions	 relative	 to	 SDS	would	be	 enhanced	 in	more	

polar	solvents	for	ions	with	hydrophobic	characteristics.	To	
this	effect,	we	probed	and	compared	MS	behaviour	in	other	
pure	solvents	including:	(1)	2-propanol	(IPA);	(2)	methanol	
(MeOH);	and	(3)	water.	Comparatively,	ion	18	displays	in-
creased	polarity,	thus,	it	demonstrated	no	significant	signal	
enhancement.	On	the	other	hand,	the	MS	behavior	of	 ions	
19-21	improved	in	IPA	and	diminished	in	MeOH	and	water.	
Interestingly,	22-25	exhibited	the	best	intensity	in	IPA	fol-
lowed	by	MeOH.	Overall,	neat	IPA	appears	to	be	the	solvent	
of	choice	for	improved	MS	behavior,	and	the	performance	of	
ions	18-25	was	negatively	impacted	the	most	in	water.		

Further,	as	ACN,	IPA,	MeOH,	and	water	are	ubiquitous	in	
isocratic	and	gradient	elution	LC-MS,	we	investigated	all	six	
possible	 1:1	 binary	 combinations	 of	 these	 solvents.	 Com-
pared	to	ACN,	ions	18-22	had	no	desirable	improvement	in	
signal	intensity.	Conversely,	23-25	showed	significant	sig-
nal	 enhancements,	 especially	 in	 1:1	 IPA/MeOH	 and	 1:1	
IPA/water.	 Thus,	 solvent	 experiments	 demonstrate	 the	
compatibility	 of	 these	 species	 in	different	 LC	 solvent	 sys-
tems.		

Cumulatively,	 cation	 and	 solvent	 effects	 experiments	
demonstrated	 that	 sensitivity	 is	 not	 merely	 impacted	 by	
gas-phase	acidity	 values	 alone.	 Instead,	 signal	 intensity	 is	
influenced	by	a	combination	of	factors	(e.g.,	choice	of	coun-
ter	 cation,	 solvent	 selection	and	additives,	 in-source	 frag-
mentation,	gas-phase	acidity,	etc.).	Since	ions	23	and	25	dis-
played	highly	competitive	intensities,	these	were	ideal	can-
didates	for	ESI	polarity	comparison	experiments	discussed	
later.		

	Apart	from	this,	the	MS	behavior	of	species	1-25	was	fur-
ther	probed	by	examining	their	precursor	ion	stabilities	to	
CID	by	determining	their	SYs	at	a	collision	energy	of	–50	eV	
(Table	3).	For	ions	1-6,	SYs	could	not	be	determined	due	to	
the	absence	of	their	pseudomolecular	ion	in	EMS	scans.		

Ion	11	presented	a	survival	yield	of	1.4%	±	0.3%	making	
it	 the	 lowest	 survival	 yield	 of	 all	 ions	 surveyed.	 The	 ex-
tremely	low	survival	yield	for	ion	11	was	attributed	to	the	
relative	lability	of	the	ester	and	trifyl	moieties	giving	rise	to	
a	high	abundance	of	acyl	and	trifyl	radical	fragment	anions	
upon	CID	of	the	selected	ion.		

Along	the	same	lines	as	11,	12	and	16	gave	poor	survival	
yield	values	at	–50	eV	with	values	of	3.2%	±	0.4%	and	4.8%	
±	0.5%	respectively.	Ion	12	proved	to	be	quite	labile	to	col-
lisional	activation	from	the	formation	of	sulfate	and	sulfur	
trioxide	radical	anions	upon	homolytic	cleavage	of	the	car-
bon-oxygen	bond	and	sulfur-oxygen	single	bonds	attaching	
the	 sulfate	moiety	 to	 the	 carbon	 backbone.	 Similarly,	 the	
low	survival	yield	of	ion	16	was	accounted	for	by	homolytic	
cleavage	of	the	carbon-sulfur	bond	to	generate	sulfur	triox-
ide	radical	as	a	highly	abundant	product	ion.		

Ion	18	was	shown	to	be	quite	labile	to	CID	resulting	in	a	
survival	yield	of	5.7%	±	0.8%.	This	low	survival	of	the	par-
ent	ion	after	collisional	activation	stemmed	from	the	cleav-
age	of	the	carbon-carbon	bond	of	the	acyl	trifluoromethyl	
group.			
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Table	3.	Survival	yields	of	the	anions	1-25	determined	
at	a	CID	energy	of	–50	eV	

Ion	 Structure	and	
m/z	

Survival	
Yield	
(%)	

Product	Ions	
Observed	(m/z)	

7	

	

19.7	±	3.3	 154.8,	140.8,	
79.5,	64.5	

8	

	

11.6	±	1.7	 174.4,	132.7,	
82.7,	69.1,	64.5	

9	
	

12.2	±	3.4	
190.1,	173.1,	
147.1,	104.1,	
69.1,	64.1	

10	
	

13.9	±	1.9	 180.9,	108.9	

11	
	

1.4	±	0.3	 173.2,	147.0,	
127.1,	104.3	

12	
	

3.2	±	0.4	 97.1,	80.2	

	13	
	

14.3	±	3.1	 211.1,	147.1,	
83.2,	78.2	

14	
	

100.0	±	
0.0	 N/A	

15	
	

10.7	±	1.9	 218.7,	155.1,	
91.3	

16	
	

4.8	±	0.5	 80.2	

17	
	

11.5	±	1.2	 210.1,	146.1,	
82.4,	77.2	

18	
	

5.7	±	0.8		 137.1,	69.2	

19	

	

27.7	±	1.8	 207.2	(100%),	
143.3,	93.3	

20	
	

95.7	±	0.9	 419.4,	280.5,	
169.2,	80.6	

21	

	

75.8	±	0.8	 227.9,	114.1,	
83.2	

22	

	

55.3	±	3.1	 241.3,	77.3	

23	

	

100.0	±	
0.0	 N/A	

24	
	

60.6	±	0.4	 360.7,	296.6,	
78.8	

25	
	

72.6	±	0.8	 363.5,	297.7,	
144.8,		

Amide	 containing	 ions	 8	 and	 9	 with	 survival	 yields	 of	
11.6%	±	1.7%	and	12.2%	±	3.4%	resulted	in	similar	survival	
yields	in	comparison	to	ions	13,	15,	and	17	that	gave	sur-
vival	yields	of	14.3%	±	3.1%,	10.7%	±	1.9%	and	11.5%	±	
1.2%	 respectively.	 The	 crux	 of	 the	 relative	 instability	 of	
these	ions	results	from	the	fragmentation	of	the	labile	trifyl	
functionality	that	give	rise	to	highly	abundant	product	ions	
from	cleavage	of	the	sulfur-carbon	bond	of	the	trifluorome-
thyl	group	and	cleavage	of	the	adjacent	carbon-sulfur	bond.	
Thus,	it	was	concluded	that	trifyl	functionalities	are	partic-
ularly	labile	via	collision	activation.		

In	 contrast	 to	 the	 bistrifyl	 ion	 17,	 ion	 7	 resulted	 in	 a	
higher	survival	yield	when	subjected	 to	collisional	activa-
tion	with	a	percentage	of	19.7%	±	3.3%.	The	product	ions	
that	were	produced	 from	collisional	 activation	arise	 from	
similar	 cleavage	 of	 the	 carbon-sulfur	 bond	 attaching	 the	
phenyl	ring	to	the	sulfonyl	moiety	and	the	adjacent	carbon-
carbon	 bond.	 However,	 the	 near	 doubling	 of	 the	 survival	
yield	of	ion	7	does	not	make	up	for	its	poor	MS	signal	inten-
sity.			

An	additional	ion	of	intermediate	signal	intensity	was	car-
boxylate	ion	11	with	a	survival	yield	of	13.9%	±	1.9%.	Ion	
11	 follows	the	same	trend	as	 ion	7	 in	 that	despite	the	 in-
creased	survival	yield	relative	to	the	best	trifyl-containing	
ions,	 inferior	 MS	 signal	 intensity	 makes	 it	 an	 unsuitable	
fixed	charge	species.	

Considering	 the	 survival	 yields	 of	 the	 trifyl	 containing	
ions,	other	perfluorinated	bis(sulfonyl)	ions	were	evaluated	
with	modification	of	the	perfluorinated	scaffold	connectiv-
ity,	chain	 length,	and	electron	withdrawing	capacity	 in	ef-
fort	to	increase	survival	yield	upon	CID.	It	was	hypothesized	
that	the	added	structural	rigidity	of	ions	19	and	21	would	
increase	the	overall	survival	yield	relative	to	the	trifyl-con-
taining	ions.	However,	despite	ion	19	having	a	higher	sur-
vival	yield	of	27.7%	±	1.8%,	it	was	almost	three	times	less	
than	ion	21	with	a	survival	yield	of	75.8%	±	0.8%.		

Along	the	same	lines,	the	survival	yield	was	determined	
for	ions	24	and	25	due	to	the	increased	electron	withdraw-
ing	capacity	of	the	nonafluorobutyl	chains.	Similarly,	to	ions	

S S
O O O O

m/z 295.0

S
CF3

O O

N

O

m/z 244.0

S
CF3

O O

N

O

O
m/z 260.0

O

OC11H23

m/z 199.2

S
CF3

O O

O

O
C8H17

m/z 303.1

S
O

O
OC12H25O

m/z 265.1

F3C
S

N
S

CF3

O O O O

m/z 279.9

P
F

F F
F

FF

m/z 145.0

S
N
S
CF3

O O O O

m/z 288.0

S
O

O
OC12H25

m/z 249.2

F3C
S S

CF3

O O O O

m/z 278.9

O

F3C CF3

O

m/z 207.0

m/z 290.9

S SO
O

O
O

F
F

F F
F
F

S
O

O
OC8F17

m/z 498.9

m/z 291.9

S
N
SO

O
O
O

F
F

F F
F
F

B

m/z 391.2

4

B

F3C

F3C
4

m/z 863.1

F9C4 
S S

C4F9

O O O O

m/z 578.9

F9C4 
S

N
S

C4F9

O O O O

m/z 579.9

https://doi.org/10.26434/chemrxiv-2023-85mkn-v2 ORCID: https://orcid.org/0000-0002-6966-6797 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-85mkn-v2
https://orcid.org/0000-0002-6966-6797
https://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

19	 and	21,	 ions	24	 and	25	 resulted	 in	 survival	 yields	 of	
60.6%	±	0.4%	and	72.6%	±	0.8%	respectively	indicating	the	
ion	25	being	the	nitrogen	acid	outperformed	ion	24,	the	car-
bon	acid.	Additionally,	despite	the	decreased	structural	ri-
gidity	of	ions	24	and	25,	both	still	gave	high	survival	yields	
comparable	to	ion	21.	Thus,	the	increased	mass58	and	elec-
tron	withdrawing	capacity	of	these	significantly	improved	
survival	yield	as	compared	to	the	trifyl-containing	ions.	

Results	of	survival	yield	experiments	at	a	collision	energy	
of	–50	eV	indicated	that	ions	14	and	20-	25	are	particularly	
stable	 to	 collisional	 activation.	 To	 truly	 demonstrate	 this,	
further	experiments	were	conducted	at	lower	collision	en-
ergies	of	–20	eV	and	–30	eV	for	ions	12	and	18-25	(Table	
4).	Ion	14	was	excluded	from	this	because	of	its	inferior	sig-
nal	intensity	ratio.	Instead,	we	chose	to	analyze	ion	18	since	
it	 performed	 considerably	 better	 in	 MS	 intensity	 experi-
ments.	Further,	it	would	be	beneficial	to	probe	whether	12	
and	18	would	benefit	from	increased	stability	to	collisional	
activation	at	lower	energies.		

Comparatively,	 ions	12	and	18	exhibited	a	marginal	 in-
crease	in	stability	at	–20	eV,	with	survival	yields	of	100.0%	
±	0.0%	and	82.1%	±	0.1%	respectively.	Ion	18	did	not	fare	
well	at	–30	eV	with	a	survival	yield	of	28.3%	±	0.1%,	but	12	
still	boasted	a	higher	survival	yield	of	68.6%	±	0.6%.	Pre-
dictably,	ions	21-25	remained	stable	to	collision	activation	
with	a	survival	yield	of	100.0%	±	0.0%.		
Table	4.	Survival	yields	of	anions	12	and	18-25	deter-
mined	at	a	CID	energy	of	–20	eV	and	–30	eV		

Ion		 Structure	and	m/z	
Survival	

Yield	(%)	at		
–20	eV		

Survival	
Yield	(%)	at		
–30	eV		

12	
	

100.0	±	0.0	 68.6	±	0.6	

18	
	

82.1	±	0.1	 28.3	±	0.1	

19	

	

100.0	±	0.0	 92.5	±	0.1	

20	
	

100.0	±	0.0	 100.0	±	0.0	

21	

	

100.0	±	0.0	 100.0	±	0.0	

22	

	

100.0	±	0.0	 100	±	0.0	

23	

	

100.0	±	0.0	 100.0	±	0.0	

24	
	

100.0	±	0.0	 100.0	±	0.0	

25	
	

100.0	±	0.0	 100.0	±	0.0	

To	our	delight,	ion	25	surpassed	all	three	of	the	perma-
nently	 positively	 charged	 species.	 Relative	 to	28,	25	was	
found	to	have	an	intensity	ratio	of	180.7%	±	13.8%.	Litera-
ture	derived	reports	demonstrated	that	phosphonium	spe-
cies	lacking	structural	rigidity	are	typically	less	responsive	
than	 flexible	 ammonium	 species,	 like	 tetra-n-butylammo-
nium	(27).59	With	that	premise,	it	was	expected	that	ion	25	
would	have	a	higher	intensity	ratio	relative	to	27.	

We	observed	the	contrary	with	25	having	an	intensity	ra-
tio	of	174.1%	±	9.1%	and	136.2%	±	5.5%	relative	26	and	27,	
respectively.	 Nevertheless,	 negative	 ion	25	 outperformed	
all	3	fixed	permanent	charge	species.	Therefore,	the	dogma	
of	negative	ion	mode	being	less	sensitive	than	the	positive	
ion	mode	was	successfully	disproven	by	displaying	a	nega-
tively	 charged	 functionality	 that	outperforms	some	of	 the	
best	and	most	widely	used	fixed	charge	species	in	the	posi-
tive	ion	mode.	
Table	5.	Sensitivity	comparisons	between	the	negative	
and	positive	polarities	of	ESI	

Negative	Ion	 Positive	Ion	
Intensity	Relative	
to	Positive	Ion	

(%)	

	

	
136.2	±	5.5	

	
174.1	±	9.1	

	

180.7	±	13.8	

Conclusions 

In	 the	 course	 of	 this	work,	 25	 ions	were	 evaluated	 for	
their	ESI-MS	properties	with	respect	to	signal	intensity	rel-
ative	 to	an	 internal	 standard	of	SDS	and	 the	resistance	of	
these	ions	to	collision-induced	dissociation	at	–50	eV.	Indi-
vidually	 compared	 to	 SDS,	 tetrakis[3,5-bis(trifluorome-
thyl)phenyl]borate	 anion	 (23)	 and	 bis(nonafluoro-1-bu-
tane)sulfonimidate	 (25)	 exhibited	 remarkable	 intensity	
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ratios	of	332.0%	±	25.0%	and	939.0%	±	92.0%	respectively.	
Further,	deviations	of	intensity	ratio	trends	from	gas	phase	
acidity	and	pKa	values	were	observed.	This	prompted	a	thor-
ough	investigation	of	other	factors	that	may	potentially	im-
pact	recorded	intensity	values,	namely	the	choice	of	counter	
cation	and	solvent	composition.	

Cation	 effect	 experiments	were	 conducted	with	 ion	25	
since	 it	 previously	 exhibited	 optimal	 signal	 intensity	 and	
preparations	of	its	ammoniated	(25	+	NH4+),	sodiated	(25	+	
Na+),	and	potassiated	(25	+	K+)	salts	from	its	neutral	form	
(25	+	H+)	proved	 facile	 and	 inexpensive.	 It	was	observed	
that	a	hard-soft	mismatch	between	the	anion	and	cation	sig-
nificantly	 impacted	 intensity	with	 (25	+	H+)	 boasting	 the	
overall	 highest-recorded	 ratio	 of	 3195.0%	±	145.0%,	 and	
(25	+	Na+),	(25	+	NH4+),	and	(25	+	K+)	exhibiting	ratios	of	
1616.0%	 ±	 112.0%,	 1450.0%	 ±	 129.0%,	 and	 939.0%	 ±	
92.0%	respectively.		

Also,	ions	18-25	were	chosen	for	further	examination	of	
solvent	matrix	effects	on	signal	intensity	using	solvents	of	
acetonitrile,	 methanol,	 isopropanol,	 water,	 and	 their	 re-
spective	1:1	mixtures.	It	was	discerned	that	ions	23	and	25	
were	of	the	greatest	compatibility	and	performance	in	most	
solvent	mixtures,	owing	 to	 their	exceptionally	 low	proton	
affinities	 in	concert	with	 innate	solvophobicity	 facilitating	
their	desolvation.	Overall,	 cation	and	solvent	 composition	
effects	demonstrated	that	signal	intensity	in	ESI	is	the	result	
of	a	complex	interplay	of	various	factors.	This	ultimately	re-
inforces	the	central	theme	of	this	work:	the	poor	perception	
of	the	sensitivity	of	negative	ion	mode	can	be	attributed	to	
the	ionization	efficiency	of	species	investigated	thus	far.	

Finally,	to	challenge	the	notion	of	inherently	lower	sensi-
tivity	of	negative	ion	mode	when	compared	to	the	positive,	
the	signal	intensity	of	25	in	the	negative	polarity	was	com-
pared	 to	 tetra-n-butylamonium	 (26),	 tetra-n-butyl-phos-
phonium	 (27),	 and	 (4-methylphenyl)diphenylsulfonium	
(28)	signal	 intensities	in	the	positive	polarity.	 Ion	25	was	
determined	to	be	136.2%	±	5.5%	to	180.7%	±	13.8%	of	the	
positive	cation	signal	intensities	indicating	that	25,	a	nega-
tive	ion,	outperformed	the	most	frequently	used	fixed	posi-
tive	charge	moieties.	Collectively,	the	identification	of	spe-
cies	exhibiting	desirable	negative	ion	mode	ESI-MS	behav-
iour	 without	 the	 incorporation	 of	 special	 additives,	 sol-
vents,	 or	 protocols	 demonstrates	 that	 negative	 ion	mode	
ESI	is	just	as	sensitive	as	the	positive	mode.	It	is	hoped	that	
the	presented	 findings	encourage	 further	 studies	 into	 the	
applications	of	negative	ion	mode	ESI.		
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